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Summary
The present thesis is a ompilation of papers. Three of the papers, I, VI and VII, are published in
this thesis only, i.e., an introdutory paper and two so-alled disussion papers. The papers II, III
and V have been published in the international journal, Holzforshung. Paper IV is a onferene
paper presented at 19th Nordi Seminar on Computational Mehanis, Lund, Sweden, 2006.
Paper I The theories for the phenomena leading to hygromehanial response of wood relate to
the orthotropi ellular struture and the hydrophili and hydrophobi polymers onstituting
the ells. This introdutory paper presents these theories for the hygromehanial response and
hereby also provides the frame of referene and the onneting thread of of the present thesis.
Paper II Multiple paths for moisture transport and slow sorption yield non-Fikian eets. This
alls for a new type of multi-phase transport model. In this paper a so-alled multi-Fikian
model is revised with respet to the inorporated essential sorption rate model. Based on
existing experimental results the sorption rate model is studied. A desorption rate model
analogous to the adsorption rate model is proposed. Furthermore, the boundary onditions
are disussed based on disrepanies found for similar researh on moisture transport in paper
staks.
Paper III In this paper a new sorption hysteresis model suitable for implementation into a numer-
ial method is developed. The prevailing so-alled sanning urves are modeled by losed-form
expressions, whih only depend on the urrent relative humidity of the air and urrent mois-
ture ontent of the wood. Furthermore, the expressions for the sanning urves are formulated
independent of the temperature and speies-dependent boundary urves.
Paper IV In this paper the sorption hysteresis model developed in Paper III is applied to two
dierent wood speies and to bleah-kraft paperboard.
Paper V In this paper the sorption hysteresis model is implemented into the multi-Fikian model
allowing simultaneous simulation of non-Fikian eets and hysteresis. A key point for this
implementation is denition of the ondition of wood as a state in the sorption hysteresis
spae, whih is independent of the ondition of water vapor in the lumens. Two approahes are
developed and tested by implementation into a ommerial software.
Paper VI In this paper the temperature dependenies of the hystereti multi-Fikian moisture
transport model are disussed. The onstitutive moisture transport models are oupled with
a heat transport model yielding terms that desribe the so-alled Dufour and Sorret eets,
however, with multiple phases and hysteresis inluded.
Paper VII In this paper the modeling of transverse ouplings in reep of wood are disussed based
on experimental observation of time dependent Poisson ratios and new theoretial ndings on
the Poisson ratio. A new orthotropi reep model, whih provides diretionally independent
reep rates, is proposed. Furthermore, the proedure for an ongoing experimental study of the
phenomenon is presented.
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Sammenfatning
Denne afhandling er en samling af artikler. Tre af artiklerne, I, VI og VII, er kun publieret i denne
afhandling, det være sig en introduktionsartikel og to såkaldte diskussionsartikler. Artikelerne II,
III og V er publieret eller godkendt til publiering i det internationale tidsskrift Holzforshung.
Artikel IV er en konfereneartikel præsenteret på 19th Nordi Seminar on Computational Me-
hanis, Lund, Sverige, 2006.
Artikel I Teorierne for fænomenerne, der leder til det hygromekaniske respons af træ, relaterer
sig til dets ortotrope ellulære struktur og de hydrole og hydrofobe polymerer, som udgør
trævævet. Denne introduktionsartikel formidler disse teorier for den hygromekaniske respons
og tilvejebringer hermed også en refereneramme og den røde tråd i nærværende afhandling.
Artikel II Flere fugttransportveje og langsom sorption medfører (såkaldte) ikke-Fikske eek-
ter. Dette fordrer en ny type multifaset transportmodel. I denne artikel bliver den essentielle
sorptionshastighedsmodel indeholdt i den såkaldte multi-Fikske model revideret. Sorption-
shastighedsmodellen bliver undersøgt på basis af eksisterende eksperimentielle resultater. En
model for desorptionshastighed svarende til modellen for adsorptionshastighed bliver foreslået.
Derudover bliver randbetingelserne diskuteret på basis af afvigelser, som er fundet i lignende
forskning på fugttransport i papirstakke.
Artikel III I denne artikel bliver en ny sorptionshysterese-model, som er egnet til implementering i
en numerisk metode, udviklet. Den forudgående såkaldte sanning-kurve bliver modelleret med
et udtryk på lukket form, som kun afhænger af den nuværende relative fugtighed i luften og
det nuværende fugtindhold i træet. Derudover er udtrykkene for sanning-kurverne formuleret
uafhængigt af de temperatur- og træsortsafhængige randkurver.
Artikel IV Sorptionshysterese-modellen udviklet i Artikel III bliver anvendt på to forskellige træ-
sorter og på afbleget kraft-karton.
Artikel V I denne artikel bliver sorptionshysterese-modellen implementeret i den multi-Fikske
model, hvormed både ikke-Fikske eekter og hysteresis kan simuleres samtidig. Et nøglepunkt
for denne implementering er denitionen af træets tilstand som et punkt i hysterese-rummet,
der er uafhængig af tilstanden af vanddampen i ellehulrummene. To metoder bliver udviklet
og testet ved implementering i en kommeriel software.
Artikel VI I denne artikel bliver temperaturafhængigheden af den multi-Fikske model med hys-
terese diskuteret. De konstitutive fugttransport-modeller bliver koblet med en varmetransport-
model, hvilket frembringer led, som beskriver de såkaldte Dofour- og Sorret-eekter, hvor der
dog her er taget højde for ere faser og hysterese.
Artikel VII I denne artikel bliver modelleringen af de transversale koblinger i krybning af træ
diskuteret på basis af eksperimentelle observationer og nye teoretiske fund omkring tidsafhæn-
gige Poissonforhold. En ny ortotrop krybningsmodel, som giver retningsuafhængige krybning-
shastigheder, bliver foreslået. Derudover bliver forsøgsopstilling for et igangværende eksperi-
mentielt studium af fænomenet præsenteret.
 v 
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PAPER I
On the shape stability of wooden strutural
members
An introdutory paper
Paper I
On the shape stability of wooden
strutural members
- An introdutory paper -
Henrik Lund Frandsen
Department of Civil Engineering, Aalborg University, Denmark
Abstrat
The general design riteria and servieability design riteria of the European ode for design of
timber strutures involves assessment of the stress and moisture dependent deformations of wood
over time due to limati hanges. The mehanial response of a wooden strutural omponent
exposed to moisture variations ombined with a stress eld an lead to quite signiant deforma-
tions. Theories for the phenomena ausing this hygromehanial response relate to the orthotropi
ellular struture of wood and the hydrophili and hydrophobi polymers onstituting the ells.
Analysis tools, whih apply these theories to predit the hygromehanial response, an failitate
the design proess. This introdutory paper presents the theories along with existing onstitutive
models and hereby also provides the frame of referene for the onstitutive models presented in the
present thesis. Through a short desription of the struture and omposition of wood, moisture
transport in wood and the mehanial response to that are addressed. With the overview of the
work of the present thesis, perspetives on further researh on the subjets attended are given
onlusively.
1 Introdution
The design of timber strutures involves analy-
sis of the mehanial resistane, servieability,
durability and re resistane. Aording to the
European ode for design of timber strutures,
Euroode 5, 2.2.1:(1)P, the design models for
the dierent limit states shall generally, as ap-
propriate, take into aount the following:
• dierent material properties (e.g. strength
and stiness)
• dierent time-dependent behavior of the ma-
terials (duration of load, reep)
• dierent limati onditions (temperature,
moisture variations)
• dierent design situations (stages of on-
strution, hange of support onditions)
And furthermore in the ode it is stated
about the servieability limit states in
2.2.3:(1)P that:
The deformation of a struture whih re-
sults from the eets of ations (suh as
axial and shear fores, bending moments
and joint slip) and from moisture shall re-
main within appropriate limits, having re-
gard to the possibility of damage to sur-
 1 
2 Paper I  On the shape stability of wooden strutural members
faing materials, eilings, oors, partitions
and nishes, and to the funtional needs as
well as any appearane requirements.
This thesis presents a seletion of onstitu-
tive models for simulating the hygromehani-
al response of wood. The hygromehanial re-
sponse of wood is its mehanial response to
simultaneous exposure of moisture and stress
over time. Although the objet is to ontribute
to general knowledge on this topi, the work of
the present thesis is highly motivated by these
design riteria for timber strutures. Hene, the
onstitutive models presented here are also on-
tributions to a model set, whih an be applied
to assess the stress and moisture dependent de-
formations of wood over time due to limati
hanges.
Where the hygromehanial response of
wood is of interest for dierent appliations
suh as wood drying and duration of load prob-
lems, the appliation of it is here limited to as-
sessment of shape stability of wooden strutural
members. Roughly spoken, the shape instabil-
ity of wooden strutural members owes to the
response to variations of the moisture ontent
of wood ombined with the mehanial loading
and support of the members.
The variation of the moisture ontent in
wood depends on the external exposure. An
example of this is illustrated in Figure 1, whih
shows the measurements of moisture ontent in
the frame of a wood sheathing. The measured
moisture ontent variations are aused by the
varying limate. For referene, the indoor li-
mate is kept as onstant as possible. The mea-
surements are performed on the side faing the
interior, and have thus the highest inertness to
variations. Still, variations with high frequeny
are observed, whih means that even though the
entire struture does not experiene the daily
variation of humidity in the air, a relatively fast
adaptation to the external limate still ours.
These moisture ontent variations results in
swelling and hanges of the shape of the stru-
ture. In a good design the support of the stru-
tural omponent allows it to expand unon-
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Figure 1 Moisture ontent in the frame of a wood
sheathing aused by the outdoor varying limate and
a onstant referene indoor limate (Andersen et al.,
2002).
strained, and in many situations the generated
deformations are reversible.
In other ases the funtion of the struture
does not allow this type of design, and the
1 Introdution 3
swelling is aompanied by stresses. This type
of ombined exposure of moisture and stress
an also be found in a load-arrying omponent
exposed to a varying limate. Dependent on
the magnitude of the stress and moisture vari-
ations the so-alled hygromehanial response
of wood an ause signiant deformations, so
that the requirements for servieability annot
be fullled.
The lassial experiment by Hearmon and
Paton (1964) shown in Figure 2 illustrates the
magnitude and signiane of the hygrome-
hanial response of a ombined exposure of
moisture and stress of wood. Three mathing
beams in a three-point bending test are exposed
to following onditions:
1 Constant high relative humidity of 93% and a
load orresponding to 3/8 of maximum load
in a short-term experiment.
2 Varying relative humidity between 0% and a
load orresponding to 93% and 1/8 of maxi-
mum load in a short-term experiment.
3 Varying relative humidity between 0% and a
load orresponding to 93% and 3/8 of maxi-
mum load in a short-term experiment.
The deformations shown in Figure 2 are nor-
malized with respet to the immediate elas-
ti deformation. The deformations for the
beams simultaneously exposed to relative hu-
midity variations are seen to be signiantly
larger than for the one in a onstant limate
- even for one third of the load. The deforma-
tions of the beam in a varying limate with a
load of 3/8 of the maximum load are up to 25
times greater than the elasti deformations, and
the beam fails within the period of observation.
The deformations of a strutural omponent
of wood exposed to a stress eld and a varying
limate an be assessed to some degree by phys-
ial priniples and material models. Espeially
with the introdution of numerial methods in
the analysis of timber strutures, a strong tool
to asses various responses is at hand.
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Figure 2 Deformations over time of three beams in
three-point bending exposed to dierent load levels and
ambient limates (Hearmon and Paton, 1964).
Calulating the response of wood is, how-
ever, not trivial, whih is due to many fators.
To mention a few: stohasti variations, irregu-
larities (knots, et.), ageing, orthotropi stru-
ture and a large number of non-linear oupling
eets between dierent types of phenomena.
The loalized eets suh as knots and other
irregularities mainly inuene the load-arrying
apaity, whereas the global deformation is
mainly governed by the majority of the wood
tissue. Although the loalized eets might
have some inuene, this study is limited to
lear wood without knots and defets.
The hygrosopi response of the strutural
member an be obtained by:
1 Predition of external exposure of the stru-
tural member, i.e., the ambient limate and
loads.
2 Modeling of moisture transport and sorption
in the orthotropi ellular material to obtain
the distribution of adsorbed water.
3 Modeling of deformations in a hygrosopi
orthotropi material prone to swelling and
reep.
In this study, 1 is not addressed, whereas 2 is
treated thoroughly. For 3, the mathematial
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framework for multi-dimensional reep in an
orthotropi material is addressed, whereas no
material model for a spei speies is treated.
Hereby it is also implied that this work is not
a guideline for engineers to design shape-stable
strutures. However, the models in this work
have been developed with the aim to be suit-
able for implementation into numerial meth-
ods and thus also for pratial appliation. The
same holds for the level of omplexity of the
models, whih has been hosen to suit the spe-
i task of modeling shape stability of wooden
strutural omponents. The models presented
in this work an of ourse be modied to other
appliations, e.g. wood drying, impregnation.
The objet of this introdutory paper is pri-
marily to set the work of this thesis into a frame
of referene, but also to introdue the reader to
the onepts used in following papers.
The theories for the phenomena leading to
shape instability relate to the orthotropi ellu-
lar struture of wood and the hydrophili and
hydrophobi polymers onstituting the ells.
Therefore the struture and omposition of
wood will be desribed in setion 2 as a way of
introdution to moisture transport in wood in
setion 3 and the mehanial response to that
in setion 4. With this overview of the work
of this thesis, perspetives on further researh
relating to present work are given in setion 6.
2 Struture and omposition of
wood
In this setion the struture of wood is de-
sribed through a four level division, to whih
the various theories for shape stability an
be related, i.e.: marostruture, mirostru-
ture, ultrastruture and moleular struture.
The majority of wood used for strutural pur-
poses in northern hemisphere are softwoods,
and therefore the desription is limited to treat-
ment of these.
2.1 Marostruture
The marosopi features an be identied with
the naked eye. Considering a log, wood is
the tissue inside the bark, whih onsists of a
number of harateristi growth rings stemming
from the annual inremental growth. Eah in-
rement onsists of a sub-inrement of lighter
earlywood produed at the beginning of the
growth season and darker sub-inrement of late-
wood at the end of it (Figure 3). The layer of
living ells in the ambium layer found between
the bark and wood is responsible for this pro-
dution. A zone of growth rings losest to the
enter, the heartwood, has taken a darker olor
(more distint for some speies than others).
The darker olor is due to extratives, whih
protet the heartwood against insets and fun-
gal attaks. The outer lighter zone, the sap-
wood, is in the living tree used for ondution
of water and minerals.
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Figure 3 Marosopi features of a softwood and mate-
rial diretions.
2.2 Mirostruture
Eah growth ring onsists of a number of adja-
ent longitudinal traheid ells, whih are orga-
nized in a honeyomb pattern in the tangential-
radial plane (Figure 4). The honeyomb pat-
tern tends to be organized in radial rows. This
organization gives spae to radial hannels of
parenhyma and traheid ells, rays, whih are
used for storage of food materials. The ells are
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emented by a middle lamella layer (Figure 7).
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Figure 4 Orientation of traheid and parenhyma ells
(Dinwoodie, 2000).
The traheid ells onstitute the major part
of the tissue, and the funtions of the ells are
strutural support of the tree and ondution of
water and nutrients. The ell is a tapered ob-
long tube with a length to width ratio of about
1:100. The longitudinal diretion of the ell is
oriented in left-hand spiral losest to the pit.
The angle of the spiralling inline is highest at
the pit and dereases with the distane from the
pit and an beome negative, i.e., oriented in a
right-hand spiral (Figure 5).
j
a b
q1 q2
q3
Figure 5 Spiral orientation of the traheid bers growth
diretion (Ormarsson, 1999).
To failitate a high growth rate in the be-
ginning of the season the ells in the earlywood
have a larger diameter for ondution of nu-
triients, and the ell walls are thinner om-
pared to those of the latewood (Figure 6).
earlywood
latewood
pits
Figure 6 Earlywood and latewood traheid ells (Siau,
1995).
Besides, the number and size of the inter-
ellular onnetions, the pits, is larger in the
earlywood traheid ells. A membrane plaed
in the pits will aspire if a pressure dierene on
eah side of the pit ours e.g. during drying.
Aspiration is a irreversible proess where the
pit membrane seals the pit (?). A major part
of the wood tissue is onstituted by that type of
ells, and thus the mehanial response of wood
inherits from the behavior of this type of ell.
2.3 Ultrastruture
The ell wall is onstituted by a primary and a
seondary wall. The latter onsists of three dis-
tinguishable layers, i.e., S1, S2 and S3 (Figure
7). Eah layer an be onsidered to be a om-
posite material with reinforing 'bers', i.e., mi-
robrils, and a 'matrix' material. Their mole-
ular omposition will be desribed in the next
setion.
In the primary wall the mirobrils are
loosely paked and interweave at random,
whereas in the seondary wall the mirobrils
are parallel to eah other and densely paked.
In the seondary wall the middle layer S2 is
by far the thikest. The mirobrils in this layer
are losely paked and oriented in a right-hand
spiral with a low inlination to the longitudinal
6 Paper I  On the shape stability of wooden strutural members
Secondarywall
Outer layer (S1)
Middle layer (S2)
Inner layer (S3)
Primary wall
Middle lamella
4
3
2
1
5
5
1
4
3
2
Figure 7 Ultrastruture of a traheid ell (Ormarsson,
1999).
axis of the ber, i.e., the so-alled mirobril-
lar angle (Figure 7). Due to this orientation the
mirobrils will provide some shearing stiness,
but mainly ontribute to the bending and ten-
sile properties of the ell. Bending and axial
tensile or ompressive loading in this ompos-
ite struture ouples to a torsional omponent
(Figure 8).
deformations
bending
moment
S2 layer
tension
compression
Figure 8 Torsional deformations by bending of the mi-
robrillar reinfored S2 layer of the seondary ell
wall.
The high mirobrillar angle and onentri
orientation of the mirobrils in the S1 and S3
layer provide torsional stiness in these layers
(Figure 7). This might be a mean to ounterat
the torsion of the S2 layer.
2.4 Moleular struture
The moleular onstituents of wood are ellu-
lose, hemiellulose and lignin. The rigid part
of the mirobrils is onstituted by hydrogen
bonded gluane hains of ellulose. The glu-
ane hains are inrusted in hemielluloses and
lignin. The matrix material is onstituted by
hemielluloses and lignin.
The hydrogen bonds linking the gluane
hains together onsists of a hydroxyl group
and a hydrogen atom on an adjaent ellulose
hain. The unbounded hydroxyl groups are
alled sorption sites. Eah sorption site an
bind several layers of water moleules as the
losest moleule displays a ghost of the sorp-
tion site (Avramidis, 1997). Between the rys-
talline regions of parallel ellulose hains, extra
hygrosopi amorphous and pararystalline re-
gions with a high number of available sorption
sites our (Siau, 1984).
The most hygrosopi onstituent is, how-
ever, the hemielluloses, whih are hemially
omposed as the ellulose (Dinwoodie, 2000).
A detailed desription of various hemielluloses
is found in (Siau, 1984). Lignin also has avail-
able sorption sites, but is the least hygrosopi
of the three omponents. It an be regarded
as a protetive adhesive enrusting the ellulose
hains, whih softens and weakens mehanially
in a wet state. The middle lamella onsists of
lignin only.
3 Moisture transport in wood
Moisture transport in wood below the ber sat-
uration point is a proess governed by three
phenomena: bound-water and water-vapor dif-
fusion (Stamm, 1959, 1960a; Stamm and Nel-
son, 1961) and the oupling between the two
phases of water.
A hange of vapor pressure in the ambient
air results in diusion of water vapor, Jv, in
wood, sorption of bound-water and onsequen-
tial bound-water diusion, Jb. In Figure 9 the
time-dependent proesses of the phenomenon,
i.e., diusion in wood in the two phases and
the sorption oupling, are shematially illus-
trated. It is important to reognize that the
time-dependent sorption plays a signiant role
in the phenomenon.
At low relative humidities, bound-water dif-
fusion is a relatively slow proess, and the mois-
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Figure 9 Various time-dependent proesses responsible
for moisture transport in the ellular struture of wood.
ture transport in wood is governed by water-
vapor diusion, whih an be seen from the ra-
tio between the diusion oeients Dv : Db ≃
1 : 4 ·10−6 (Shirmer, 1938; Siau, 1995). Subse-
quently, a relatively fast sorption of bound wa-
ter ommenes. Hene, the proess governing
the ombined proess is water-vapor diusion,
and moisture transport is traditionally modeled
by a single Fikian diusion equation.
At higher relative humidities, bound-water
diusion beomes more signiant (Dv : Db ≃
1 : 2·10−5) and the sorption slows down (Chris-
tensen, 1965). This ombined two-phase dif-
fusion and sorption phenomenon has hara-
teristis that annot be desribed by a sin-
gle diusion equation (Krabbenhøft and Damk-
ilde, 2004). Therefore, it has been referred to
as anomalous behavior and non-Fikian eets
(Crank and Park, 1951; Wadsö, 1994a).
For a single diusion equation to model a
one-dimensional diusion, the frational weight
inrease, E ((w(t) − w0)/(w∞ − w0)), as a
funtion of time, t, for dierent speimen thik-
nesses, a, is idential when time is normalized
by t1/2/a (Crank, 1967), where w0, w∞ are the
initial and nal weight, respetively, and w(t)
is the weight at the time t. This is under the
assumption that the surfae resistane an be
negleted due to suient onvetion at the sur-
fae. An eort to ensure this ondition has been
attempted in the experiments mentioned in the
following.
The rst researhers to report the non-
Fikian eets were Crank and Park (1951) for
long polymers and Mandelkern and Long (1951)
for ellulose aetate.
Wadsö (1994b; 1994a) measured the bound-
water uptake in pine (Pinus silvestris) spei-
mens of various widths, a, and dierent ma-
terial diretions at the relative humidity steps:
54-75% and 75-84%. The speimens were ex-
posed on two symmetrially oriented surfaes in
a ventilated limate hamber humidied by salt
solutions. The air veloity was about 3 ms
−1
,
so that eets from the boundary layer an be
assumed to be very small (Rosen, 1978).
In Figure 10 the frational weight inreases
for diusion in the tangential diretion in some
of these measurements are shown. The
√
t/a
normalization of the time-axis should result in
idential urves for dierent speimen lengths,
even for moisture dependent diusion oe-
ients (Crank, 1967).
At the rst relative humidity step (54-75%)
the thik speimen shows a slightly faster in-
rease of frational weight inrease. At the se-
ond relative humidity step (75-84%) the thik
speimen gains weight signiantly faster. Be-
sides, these frational weight inrease urves
do not have the Fikian harateristi of an
initial almost linear inrease sueeded by an
abrupt bend into a horizontal asymptote, but
are smoother.
Thus, it an be onluded that the observed
phenomenon annot be modeled by a single
Fikian diusion equation. In this setion, the
development of a moisture transport model,
whih aptures this behavior, is presented.
3.1 Moisture transport modeled by a multi-
Fikian model
Already in the sixties, a detailed model to take
several moisture transport routes into onsid-
eration was suggested by Stamm (1960b), and
Siau (1984) presented a simpler, but similar
model. In these models, the resistanes to dif-
fusion from ell walls and lumens are paral-
lel and serially onneted. The underlying as-
sumption onneting these resistanes is instan-
taneous sorption or immediate equilibrium be-
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Figure 10 Frational weight inrease, E, in pine spe-
imens over time normalized with respet to speimen
thikness a from measurements by Wadsö (1994b).
tween the water vapor and bound water. Thus,
the time dependeny of sorption, i.e., the ver-
tial proess in Figure 9, is negleted. This
kind of model is therefore unable to desribe
the non-Fikian behavior aused partly by slow
sorption.
Consequently, the transport of water vapor
and bound water must be modeled in separate
phases onneted through a phase hange, i.e.,
time-dependent sorption. This type of model is
here referred to as a multi-Fikian model, sine
bound-water and water-vapor transport are de-
sribed by two oupled Fikian diusion equa-
tions, i.e., one for eah phase.
The earliest researher to follow up on
Wadsö's experiments with this type of math-
ematial model was Cunningham (1994). The
posed dierential equations were solved analyt-
ially, so that a number of simpliations on the
physis were made, i.e., bound-water diusion
(Jb in Figure 10) was negleted and the sorption
isotherm was assumed to be linear. However,
with the equation solving tool available, this ap-
proah gave quite good results when omparing
to one of Wadsö's experiments.
Salin (1996) inluded the bound-water dif-
fusion and solved the problem analytially, so
the isotherm was again assumed to be lin-
ear. Again, relatively good results were ob-
tained using an analytial solution. Salin or-
retly indiated the applied sorption funtion
to be the reason why his model deviates from
Wadsö's measurements at higher relative hu-
midities. Salin assumed a sorption rate, whih
is independent of the moisture ontent.
Absetz and Koponen (1997) modeled multi-
Fikian moisture transport in laminated veneer
lumber (LVL) parallel to grain in speimens
of dierent thiknesses. Sine all experiments
were performed at the same relative humidity
step, a moisture independent sorption rate was
suient to obtain good results. Further, Ab-
setz and Koponen provided an important dis-
ussion of the magnitude of dierent parame-
ters involved in their model, but without iden-
tifying them.
Krabbenhøft and Damkilde (2004) dis-
ussed and identied some of these physial
onstants, introdued an expression for
moisture-dependent sorption rate and applied
a non-linear isotherm. Furthermore, the two
diusion equations were formulated in terms of
onentration of bound water and water-vapor
pressure in preferene to onentrations only
(Cunningham, 1994; Salin, 1996) or pres-
sures only (Absetz and Koponen, 1997). An
overview of the model development is provided
in Table 1. Parallel to this line of researh,
the type of models has also been applied to
moisture transport in paper staks; see e.g.
(Bandyopadhyay et al., 2000; Foss et al., 2003;
Massoquete et al., 2005; Nyman et al., 2006).
In Paper II (Frandsen et al., 2007a) the fol-
lowing revisions and ontributions to the multi-
Fikian model for moisture transport in wood
is presented:
• The adsorption rate is studied based on mea-
surements of weight gain of thin wood spei-
mens in absene of air by Christensen (1965).
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Table 1 Progress of the multi-Fikian model renement.
In these experiments no stagnant air to form
a boundary layer is present, and the small ex-
tent of the speimens allowed diusion to be
negleted. Thus, the sorption rate ould be
studied independently of other phenomena.
The result of this investigation is a revised
sorption rate model, whih has a ontinuous
variation with vapor pressure.
• The desorption rate has been observed to be
slower at higher relative humidities in exper-
iments by Håkansson (1994) as well. Based
on this observation, an expression for the des-
orption rate analogous to the adsorption rate
model is proposed.
• The boundary onditions for the problem is
presented and disussed based on dierenes
in similar models for moisture transport in
paper staks.
• A minor revision of the governing equations
is given.
The results from the revised model were
ompared with the measurements by Wadsö
(1994b), and a good agreement was found.
3.2 Sorption hysteresis
Variation of the relative humidity in ambient
air auses variations in the moisture ontent
of wood. However, a given relative humidity
does not uniquely dene the equilibrium mois-
ture ontent. The history of the variations must
also be taken into aount. Figure 11 illustrates
the dependene of moisture ontent, m, due to
a sequene of relative humidity, h, variations.
m
h
B:desorption boundary curve
C: primary scanning curve
D: secondary scanning curve
10 bc cd
d
bc
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mfs
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m
m
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Figure 11 Various boundary and sanning urves..
The explanation for the sorption hysteresis
phenomenon is found in the hemial behavior
and omplex struture of wood, whih is de-
sribed in setion 2.
Adsorption of water leads to swelling of the
ell wall and breaking of hydrogen bonds, and
thus more available sorption sites beome un-
bound. The hydrogen bonds are re-established
during desorption, but this proess is delayed,
sine water moleules now oupy the sorption
sites. Hene, wood ontains more water at a
given relative humidity during desorption than
during adsorption. For an arbitrary variation
in the relative humidity, onditions between
pure adsorption and pure desorption dependent
on the availability of sorption sites an be ob-
tained.
The terminology is presented in Figure 11.
Using initial onditions of the dry state with
a moisture ontent and relative humidity equal
to zero and inreasing the relative humidity to
100% provide the so-alled adsorption bound-
ary urve, A. Dereasing the relative humid-
ity also dereases the moisture ontent along
the desorption boundary urve, B. An inrease
in relative humidity before reahing the dry
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state again results in movement along a so-
alled sanning urve, C, whih gradually ap-
proahes the adsorption boundary urve. This
type of sanning urve is alled a primary san-
ning urve, and a sanning urve taking ori-
gin in this is alled a seondary sanning urve,
D, et. The points at whih a shift from a
desorption urve to an adsorption urve ours
{hbc,mbc}, or the reverse {hcd,mcd}, are alled
reversal points.
Modeling of hysteresis
A lassial approah for modeling sorption hys-
teresis is the independent domain model devel-
oped by Everett and o-workers (Everett and
Whitton, 1952; Everett and Smith, 1954; Ev-
erett, 1954, 1955). A disretization of the model
was applied to measurements of sorption hys-
teresis in yellow poplar (Liriodendron tulipifera
L.) by Peralta (1995b,a). However, the dis-
retization only allowed steps between the rela-
tive humidity values 0%, 11%, 32%, 53%, 75%,
92% and 100%, so Peralta (1996) rened the
model to take smaller relative humidity steps
into aount. However, this renement violates
the original method of Everett, and in the gen-
eral ase the method will lead to loss of water
in the aounting (explained in detail in Paper
III (Frandsen et al., 2007)). To generalize the
measurements from a given isotherm for a given
speies, and thus avoid extensive experimental
work, Peralta and Bangi (1998a,b) presented
two models based on the work of Mualem (1973,
1974).
All of the models involve aounting for an
independent domain or entire history of rela-
tive humidity variations to obtain the moisture
ontent. In addition to the aounting ompli-
ations, the independent domain model has an-
other major numerial drawbak for isotherms
with a slope dierent from zero at the dry on-
dition (e.g. for wood, paper, unsaturated soil,
onrete). Thus, here it impliitly involves sin-
gularities in a funtion used to obtain the mois-
ture ontent, see Paper III (Frandsen et al.,
2007).
Pedersen (1990) presented a formulation,
whih involves dierential equations that must
be solved numerially in the h−m domain for
eah step in time to obtain the prevailing san-
ning urves. This model has been generalized
and alibrated to the measurements performed
by Peralta (1995b) on yellow poplar (Lirioden-
dron tulipifera L.) at 30°C and to measurements
on Norway sprue (Piea abies) at 20°C per-
formed by Ahlgren (1972) in (Frandsen, 2005).
Besides these two models, models for de-
sribing sorption hysteresis in unsaturated soil
have been proposed (Sott et al., 1983; Kool
and Parker, 1987; Huang et al., 2005). The
physis is dierent from sorption hysteresis in
wood, sine the driving fores of sorption in
wood are primarily of a hemial nature om-
pared to the apillary fore-driven sorption in
porous materials (Avramidis, 1997). Mathe-
matially, however, the models are more sim-
ilar. The model by Huang et al. (2005) has the
advantage of desribing the sanning urves us-
ing losed-form expressions, with the two pre-
vious reversal points as input. A drawbak is
that the model for the sanning urves is not
naturally bounded by the boundary urves.
The independent domain models and
Pedersen's model are both umbersome to
implement into a numerial method suh as
the nite element method, sine the prevailing
sanning urve must be evaluated by numerial
integration for eah step forward in time.
In Paper III (Frandsen et al., 2007) a new
sorption hysteresis model is presented. The
model is suitable for implementation into a nu-
merial method due to the following features:
• The prevailing sanning urves are provided
as losed-form expressions, whih only de-
pend on the urrent moisture ontent and rel-
ative humidity. Hene, no history of relative
humidity variations or other storage param-
eters are neessary.
• By a normalization, the sanning urves
are modeled independently of the boundary
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urves. This makes the model appliable to
dierent speies and materials. Furthermore,
this independeny allows temperature varia-
tions of the boundary urves to be taken into
aount.
The normalized sanning urves are known to
vary slightly from speies to speies, but from
the experimental data available it is not possi-
ble draw onlusions on their temperature de-
pendeny.
As mentioned, hysteresis is a phenomenon
ourring in various materials. To illustrate the
appliability of the model, it is also applied to
bleahed-kraft paperboard in the short onfer-
ene paper, Paper IV (Frandsen and Damkilde,
2006).
3.3 Sorption hysteresis in a multi-Fikian
model
Both sorption hysteresis and multi-Fikian
moisture transport inuene the moisture on-
tent of wood. The multi-Fikian moisture
transport inuenes it in time and spae, and
hysteresis ontrols the equilibrium moisture
ontent by the preeding relative humidity vari-
ations. The sorption takes plae inside the
wood speimen between air in the lumens and
the ell wall. For a point in a ell wall, the in-
rease of moisture ontent along an adsorption
sanning urve in time an be illustrated as in
Figure 12.
Exposed to an inrease in relative humidity
from h0 to h2, the moisture ontent will over
time trae along the adsorption sanning urve
to the equilibrium point (h2,t2,m2). Hene, the
equilibrium moisture ontent, whih inuenes
the sorption rate, is governed by hysteresis.
The sorption rate, diusion of vapor and
bound water to the point determine the rate, by
whih the state traes along the sanning urve.
In Paper V (Frandsen and Svensson, 2007)
these relations are formulated in a mathemati-
al and physial model. An essential part of the
model is denition of the moisture ondition in
1
Statein time
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Figure 12 The inrease of moisture ontent, m, over
time, t, along an adsorption sanning urve, due to an
inrease in relative humidity, h.
wood as a state in preferene to moisture on-
tent alone. This onsideration allows a simple
aounting for hysteresis eet at the individual
points of the material. Furthermore, together
with a similar state for the ondition of the air
in the lumens, it is used to desribe sorption
rate and hysteresis.
The sorption rate an be formulated in
terms of pressure or onentration. Both ap-
proahes allow implementation of sorption hys-
teresis into a multi-Fikian moisture transport
model. The implementation of a hysteresis
model for both approahes is presented and
tested in a nite element program. To illustrate
the ombined eet of the sorption hystere-
sis and multi-phase moisture transport, simu-
lations from one of these implementations are
presented onlusively, where the model also is
ompared to experimental results.
3.4 Inuene of temperature on a hystereti
multi-Fikian moisture transport model
The inuene of a spatially varying tempera-
ture eld on moisture transport has among oth-
ers been investigated experimentally by Choong
(1963); Siau et al. (1986); Avramidis et al.
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(1987); Avramidis and Siau (1987). The experi-
ments showed the so-alled Soret eet, i.e., the
moisture diused from dryer to moister limates
if a suiently large temperature gradient o-
urred as well.
The reason for this phenomenon an be ex-
plained by the following theory. The position-
ing or bonding of a water moleule to a sorption
site is beause the moleule experienes a min-
imum of potential energy at that position, i.e.,
a stable state. The moleule osillates around
this stable state. By ontinually ourring olli-
sions, kineti energy is transferred between the
water moleules. If a moleule gains suient
kineti energy to exeed the potential energy of
the bond, the moleule will diuse from the site
and is said to be ativated. Thus, the kineti
energy required to exeed the this potential bar-
rier is alled the ativation energy eb (Figure
13).
cellulosechain(s)
A
e
B
b
x0
oscillating water molecules
sorption sites
x
Figure 13 Osillating water moleules bound at sorption
sites A and B.
Dierent models to desribe this phe-
nomenon have been proposed by Briggs (1967);
Skaar and Siau (1981); Siau (1982); Nelson
(1986, 1991), and the various models have been
reviewed in (Siau and Avramidis, 1993; Siau,
1995). The models are based on either ati-
vated bound water or free energy, but without
regards to the vapor diusion and internal sorp-
tion. Numerial onsiderations for implementa-
tion of the model by Skaar and Siau (1981) in
FEM are desribed by Eriksson et al. (2006),
and most reently also by a neural network in
(Avramidis and Wu, 2007).
The temperature inuenes the moisture
transport, but on the other hand the diusion
of moleules with a given enthalpy also results
in transport of energy. The moisture transport
will therefore inuene the temperature eld as
well, and a fully oupled equation system must
be invoked.
Whitaker (1977, 1998) proposed a theory for
oupled heat, mass, and momentum transfer in
porous media under the assumption of a rigid
indeformable matrix. This formulation was ear-
lier applied to model drying of wood by Perré et
al. (1990; 1996; 1999). Besides, from the heat
ondution by diusion also known as the Du-
four eet, Whitaker's heat transfer model also
inludes terms from the phase hanges. The
phase hange in this ase is sorption.
The temperature dependeny of sorption re-
lates to heat of sorption ∆hbv, i.e., the amount
of heat onsumed per mole of water desorbed
from water vapor to bound water (Figure 15).
Note that the loation of the absissa in Figure
15 orresponds to liquid water, but any axis
ould have been hosen, sine only the dier-
enes between the enthalpy levels are meaning-
ful.
m
m
Liquid water
Ice
Vapor
Activated bound water
Bound water
fs
PSfrag replaements
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∆hbv
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ebR
Figure 15 Various heats ∆h required at a phase hange
as a funtion of moisture ontent (Skaar and Siau, 1981).
∆hbv is heat of sorption, ∆hlv heat of evaporation, ∆hil
heat of fusion, eb the ativation energy, and R the uni-
versal gas onstant.
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Figure 14Measurements of the sorption boundary urves at dierent temperatures by Kelsey (1956) and alibrations
of the Anderson and MCarthy model to them.
Thus, adsorption is a time dependent
exothermi reation, i.e., heat is produed dur-
ing the reation. Hene, the reation is aord-
ing to Le Chatelier's priniple promoted by low-
ering the temperature, i.e., more water an be
bound in the ell wall. This is seen in Figure
14 as a negative slope of the sorption boundary
surfaes with temperature.
To the authors knowledge, the tempera-
ture dependeny of hysteresis has never been
expliitly experimentally investigated, but the
the temperature dependeny of the bound-
ary urves has been investigated by a num-
ber of authors. The desorption boundary
urve of sitka sprue (Piea sithensis) was
measured at several temperatures by Hawley
(1931) here ited from (Kollmann and Cté,
1968). Babiak (1990) alibrated the Anderson-
MCarthy model to data from an unknown
speies at 21.1°C, 35.0°C, 43.3°C, 51.6°C and
71.1°C from data in the USDA Wood Hand-
book (1974). Choong (1963) measured both
boundary urves of Western r (Abies nobilis)
at 25°C, 32.2°C, 40°C and 50°C. Kelsey (1956)
measured adsorption and desorption boundary
urves of klinki pine (Arauaria hunsteinii) at
10°C, 25°C, 40°C and 55°C (Figure 1).
Remaining is the question regarding the
temperature dependeny of the sanning
urves. In (Frandsen et al., 2007) it was
observed that the normalized shape of the
sanning urves of yellow poplar (Liriodendron
tulipifera L.) at 30°C and Norway sprue (Piea
abies) at 20°C were quite similar.
In the disussion Paper VI Inuene of tem-
perature on hystereti multi-Fikian moisture
transport in wood (Frandsen, 2007) the the-
ory by Whitaker (1977, 1998) is modied to
put forth a model for moisture transport in a
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wood struture. The model is modied to de-
sribe the onditions in a wood struture, where
liquid water is absent and onvetion an be
negleted. Furthermore, the model is modi-
ed to desribe transport of bound water and
sorption hysteresis. In the paper the following
steps towards a temperature-dependent hys-
tereti multi-Fikian moisture transport model
have been taken:
• Moisture transport depends on temperature
gradients, i.e., the so-alled Soret eet, but
onversely, mass transport involves transport
of heat as well. Therefore, a fully oupled
mass and heat transport model, whih in-
ludes the reation during phase hanges be-
tween water vapor and bound water, was for-
mulated.
• A onstitutive model for temperature depen-
dent bound-water diusion based on diu-
sion kinetis has been derived.
• A onstitutive model for temperature de-
pendent diusion of water vapor has been
proposed based on the empirial model by
Shirmer (1938). This model has not been
veried and should be used with aution.
• In formulation of the temperature dependent
sorption hysteresis model, temperature de-
pendene of the boundary urves has been
taken into aount. This was possible due
to deoupling of the sanning urves from
the boundary urves in the applied hysteresis
model desribed in Paper III (Frandsen et al.,
2007). The temperature dependeny of the
boundary urves was desribed with the An-
derson and MCarthy model alibrated to
data by Kelsey (1956).
• The shape of the normalized sanning urves
are assumed to be independent of temper-
ature, sine in the few available measure-
ments the shape does not vary signiantly.
A designated experimental investigation of
the temperature dependeny of the normal-
ized sanning urves remains.
4 Inuene of moisture on mehan-
ial behavior
As bound water is adsorbed to sorption sites in
the moleular struture of wood, a number of
mehanial responses our. Espeially, if the
onsidered strutural wooden member is loaded
simultaneously the response an be very om-
plex.
A number of theories for the ombined re-
sponse have been proposed, but no denite and
proved theory has been stated. In (Hanhijärvi,
1995) an exellent review of the most ommon
theories is given.
To the author's believe the reasons for the
ombined response is found on dierent levels of
the struture of wood, and a ombination of the
theories desribed in (Hanhijärvi, 1995) yields
the omplex response. Espeially studies on re-
overy reveal the nature of the time, moisture,
load and temperature dependent deformations.
The dierent ontributions due to sustained
load and moisture hanges are lassially di-
vided up into four ontributions, i.e., hygroex-
pansion, elasti, reep, and mehano-sorptive
reep. In this setion, the desription of the
omplex response will be explained through this
lassial division.
4.1 Hygroexpansion
As water adsorbs on the sorption sites in the
amorphous regions of the gluane hains, the
hains are fored apart and more sorption sites
beome available. This and adsorption on the
hydrophili hemielluloses result in the swelling
of wood.
The major part of the ellulose hains are
loated in mirobrils in the S2 layer. Sine
ellulose hains are fored apart the mirobrils
mainly expand transversely to their longitudi-
nal diretion. As the mirobrils are normally
orientated with a low mirobrillar angle in the
S2 layer, the ber mainly expands transversely
to the ber diretion. In wood ells, whih has
been grown in a ontinuous ompressive envi-
ronment, the mirobrillar angle of the S2 layer
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tends to be larger. Consequently, the hygroex-
pansion is more pronouned in the longitudinal
diretion for this type of wood.
A number of theories for hygroexpansion
have been proposed. The lassial theory by
Barber (1968) onsiders the mirobrils as re-
inforing brils and the matrix material, on-
stituted by lignin and hemielluloses, as hygro-
sopi and expanding. Some of the more re-
ent models are based on the theory by Bar-
ber (1968) and are generalized by appliation of
the lassial laminate theory (Yamamoto, 1999;
Pang, 2002) to take dierent properties of the
layers in the miro- or ultrastruture into on-
sideration.
For strutural wood ontinuum models at
the marostruture level are typially applied,
see e.g. (Ormarsson, 1999). In this type of
model the hygroexpansion in the dierent ma-
terial diretions is approximated to be linear
with the moisture ontent as found in (Meylan,
1972). This type of model aptures the dis-
tortions aused by the hygroexpansion and the
helix orientation of the bers (Figure 16).
CupCrookTwist Bow
Figure 16 Dierent modes of deformation due to he-
lix orientation of the bers in the boards (Ormarsson,
1999).
In gure 17 variants of distortions of the
ross-setion dependent on the loation to the
pit are shown.
4.2 Creep and Elasti response
The elasti deformation is dened as the im-
mediate deformation at loading or removal of
load. But sine wood even at very high fre-
queny exitation exposes time dependent be-
havior ((Launay, 1987) here ited from (Han-
hijärvi, 1995)) it leads to the onlusion that
c
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Figure 17 Distortions for dierent ross-setions depen-
dent on loation in the log (USDA, 1974).
elasti response an be onsidered to be a fast
reep omponent. For most purposes modeling
of the initial response as being elasti is suf-
ient, sine the time sale of interest allows
negleting of this short transient response.
Creep is the gradually inreasing deforma-
tion over time ourring under a sustained load.
During this inrease of deformation wood is
modied at dierent levels of its struture. For
loads below 30-50% of the ultimate load the be-
havior is linear and almost reoverable when
the load is removed (disussed further below).
Hene, little damage has been applied to the
bearing struture.
The mirobrils are here onsidered to be
the sti bearing struture, whih is strethed
elastially by unurling of the polymer hains
and hanging the angle of some of the ova-
lent bonds. Simultaneous molding of the adhe-
sive matrix materials, hemielluloses and lignin,
provides the visose response. The deforma-
tion in the matrix material is ourring by slip-
page of hydrogen bonds. The omparatively
weak bonds are broken and reestablished on-
tinuously until a steady state, the reep limit,
has been reahed.
The reep limit depends on temperature and
moisture ontent. An example of this is shown
in Figure 18, where the relative reep is the
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reep response normalized with respet to the
elasti deformation. Sine water will oupy
sorption sites in the amorphous regions of the
ellulose hains during adsorption, the stiness
of the bearing struture dereases with moisture
ontent. This is seen for the immediate elas-
ti response, but as seen in Figure 18 also for
reep. Aording to the kineti theory (see se-
tion 3.4), breaking of hydrogen bonds are pro-
moted by a temperature inrease.
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Figure 18 Temperature and moisture dependeny of
reep in the tangential diretion of Sots pine (Svensson,
1996).
When the load exeeds 30-50% of the ulti-
mate load, damage is aumulated in the mi-
robrils when loaded to the reep limit. The
matrix material still provide resistane during
moulding and the response is still visous but
not linear. An example of this is shown in
Figure 19, where the three lowest load levels
up to 30% of the ultimate load provides sim-
ilar relative deetions (visoelasti deetion
normalized with respet to the elasti dee-
tion), whereas at higher load levels results in
non-linear reep, and for the highest load level
results in failure within the time-limit of the
experiment.
The dierent types of reep are alled pri-
mary for the linear viso-elasti reep, se-
ondary for the non-linear onstant rate reep,
and tertiary for the non-linear and aelerating
reep.
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Figure 19 Deetion over time due to reep at dierent
load levels in a four-point bending of Sots pine (Pinus
Sylvestris) speimens Liu et al. (1992).
As the load is removed the load bearing
struture deforms elastially towards the ori-
gin. Again, a remolding of the matrix delays
the response. In most ases the elasti poten-
tial energy stored in the bers, the mirobrils,
is insuient to overome the inertness of the
molding of the matrix. Thus, omplete reovery
is not obtained.
By yling, the relative humidity in the am-
bient air and hereby the moisture ontent in the
onsidered speimen, omplete reovery an al-
most be obtained, see e.g. (Mohager, 1987).
This is due to unloking of the inertness by
swelling and shrinkage in the matrix struture.
The unloking due to moisture hanges, the so-
alled mehano-sorption, is the subjet of the
next setion.
That omplete reovery an be obtained,
when wood has experiened primary reep
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alone shows that the bearing struture of the
material remains undamaged. Thus slippage of
hydrogen bonds annot stem from this part of
the omposite struture sine that would lead
to a irreoverable deformation omponent.
4.3 Mehano-sorptive reep
The deformation ourring in a wood speimen
exposed to sustained load is promoted further
by a moisture ontent variation (Figure 20). As
mentioned, this is due to slippage and rebond-
ing of hydrogen bonds between the matrix ma-
terial onstituents. These are in moisture vari-
ations extensively reorganized due to swelling
and shrinkage.
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Figure 20 Deetion over time due to reep and
mehano-sorption at two load levels in a four point
bending of Sots pine (Pinus Sylvestris) speimens (Mo-
hager, 1987).
Although reep and mehano-sorptive reep
lassially has been assumed to be indepen-
dent phenomena, some experiments indiate
that these are due to the same moleular meh-
anisms although the ativation for the two dif-
fers. Indiations of interation between the two
phenomena are observed and disussed in (Han-
hijärvi and Hunt, 1998; Hunt, 1999). Some in-
teration is also seen in the experiment by Mo-
hager (1987), where reep is found to be almost
reversible if exposed to yling moisture ondi-
tions.
Reovery for mehano-sorption longitudinal
to the bers has also been observed to be almost
reoverable, as seen in Figure 21.
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Figure 21 Deetion over time due to reep and
mehano-sorption in a four point bending of three Sots
pine Pinus sylvestris speimens (Hanhijärvi, 1995). The
relative humidity variations (RH) and load are indi-
ated below. The load is normalized with respet to
the largest load, whih provides a nominal edge stress
of 6.9 MPa.
More irreversible damage was observed in
the experiments on Norway sprue loaded in the
tangential diretion by Svensson and Toratti
(2002). This is most likely due to ourrene
of a higher degree of reep.
Even though a number of researhers have
worked with phenomenologial and to some ex-
tent quantiation of mehano-sorption, this
eld is to the authors opinion still open for
muh interesting researh.
Orthotropi reep
For dierent diretions of load, dierent dis-
tribution paths of the stresses in a ompos-
ite struture our. For instane, if the ell
is tensed in longitudinally, the ell is strethed
and due to Poisson's eet in the ell wall, and
the ell radius will diminish. In the dierent
diretions of deformation the omposition of
matrix material and the reinforing mirob-
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ril bers are dierent. Thus, the rate of defor-
mation in the dierent diretions will be orre-
spondingly distint.
This results in e.g. time dependent Pois-
son's ratios as measured by Shniewind and
Barrett (1972) (Figure 22). The strain varia-
tions leading to the varying PR in Figure 22
are, however, questionable, sine they indiate
that reep reovery ours in the transverse di-
retion simultaneously with reep in the lon-
gitudinal diretion. Some of Shniewind and
Barett's (1972) experiments show that the op-
posite trend of reep ours in the transverse
diretion. However, the details on these are lim-
ited.
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Figure 22 Varying PR from ontrations tangential to
the ber loaded in the longitudinally in the experiment
by Shniewind and Barrett (1972).
Although other models for orthotropi reep
(more details below) have been proposed, the
author has knowledge of only one experimental
study of orthotropi reep, i.e., Shniewind and
Barrett (1972). For onnetors and other stru-
tural parts where multi-axial states of stress o-
ur and the deformation is restrained, the ou-
pling eets have great signiane.
With regard to the pioneering work by
Shniewind and Barrett (1972) it must be on-
luded that the unertainty arising from this
deviating behavior alls for a further investiga-
tion of the phenomenon.
4.4 Modeling of reep and mehano-
sorption
The approahes for modeling reep and
mehano-sorption are quite similar. Roughly
speaking, the inrements with time are replaed
by inrements of moisture ontent (the abso-
lute value), see e.g (Takemura, 1967; Ranta-
Maunus, 1975; Salin, 1992). So in the following
modeling of the two phenomena will be referred
to as reep. For a detailed review of various on-
stitutive models, see e.g. (Hanhijärvi, 1995). In
(Hanhijärvi, 1995) a new type of model based
on deformation kinetis was applied with good
results as well.
Constitutive modeling of the reep response
an be done by two approahes, either:
• by purely mathematial expressions for the
reep urve, e.g. the power law, or
• by a mehanial analogy involving springs
and dashpots.
Both approahes have been widely applied to
duration of load problems, shape stability and
wood drying. For a reent review of duration
of load models, see (Svensson, 2007). For shape
stability there is a tendeny of appliation of
the latter approah (Hanhijärvi and Makenzie-
Helnwein, 2003; Ormarsson, 1999; Svensson,
2002). The reason for this may be the physi-
al interpretability of the dierent rheologial
omponents involved.
A rheologial system is onstituted by
springs and dashpots, and these are typially
arranged in hains of so-alled Maxwell or
Kelvin elements. The response of suh a sys-
tem an be represented by the heredity integral
approah, a set of rst order dierential equa-
tions, or a higher order dierential equation.
Of these the two former are more suitable for
implementation into a numerial method, see
e.g. (Ormarsson, 1999; Ottosen and Ristinmaa,
2005).
The lassial approah for modeling the
time dependent orthotropi response of wood
is the hereditary approah also known as
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the onvolution integral approah, see e.g.
(Shniewind and Barrett, 1972; Mårtensson,
1992; Ormarsson, 1999) and for a large displae-
ment formulation (Mauget and Perré, 1999).
Another approah for obtaining an or-
thotropi reep model suitable for implementa-
tion into a numerial method is by formulating
a set of rst order dierential equations, see e.g.
(Hanhijärvi and Makenzie-Helnwein, 2003).
The ited referenes all apply Kelvin series
generalized to inlude more dimensions to
model the time dependent orthotropi response
of wood. In these the reep omplianes to
model the reep in the diretion of the load
an be determined from uniaxial experiments.
For the transverse oupling reep, dierent
assumptions have been made.
In Paper VII (Frandsen et al., 2007b) the
transverse oupling reep in multidimensional
modeling of reep is treated. Various assump-
tions about the transverse oupling reep om-
plianes are reviewed. The transverse oupling
reep rate diers from the reep rate in the
diretion of the load (Figure 22), and an or-
thotropi reep model should reet this.
Upon that, a new onstitutive model for or-
thotropi reep, whih gives resemblane to de-
formation of the ellular struture of wood, is
proposed. In Figure 2 a simple variant of the
proposed orthotropi reep model with three
oupled rheologial systems is shown.
The enter system models the deformation
in the diretion of the load. The two outer
systems are onneted to the diretion of load
by latties, whih resemble the distribution of
stress in the ellular struture. The stress is
hereby transferred in the ellular struture to
deformations orthogonal to its diretion. For
simpliity only one spring modeling the elasti
response and one Kelvin element modeling the
reep are illustrated, but a generalization of the
rheologial systems are readily put forth.
Creep is in Paper VII onsidered as one phe-
nomenon and the omplexity of the ouplings
to temperature and moisture are temporarily
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Figure 23 Parallel oupled rheologial systems model-
ing strain and strain rate in various diretions due to a
longitudinal stress.
disregarded. The onsiderations are, however,
general, and the omplexities mentioned are a-
ounted for within the framework.
The objet of the researh is to establish
a orrespondene between the material param-
eters and the struture of wood and thus to
ontribute with general onsiderations on the
mehanial ouplings.
The theoretial onsiderations will be om-
plemented by ongoing experimental work. In
Paper VII (Frandsen et al., 2007b) the exper-
imental proedure is presented. Furthermore,
two approahes for implementing the proposed
onstitutive model into a nite element model
are treated.
5 Conlusions
In order to desribe shape stability an extensive
amount of researh has been arried out. In this
introdutory paper the aim has been to draw
a onneting thread through researh on shape
stability to the researh presented in this thesis.
Introduing the struture and omposition
of wood, the present knowledge on physial
and hemial phenomena leading to the hy-
gromehanial response of wood are presented.
Hereby the bakground for the models pre-
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sented in the present work is provided as well.
It has been realized by researhes within
the eld that an essential segment of desrib-
ing the hygromehanial distortions is having
an aurate moisture transport model. A sub-
stantial part of the present work addresses this
issue. Previous researh has shown that at
higher relative humidities, the moisture trans-
port annot be desribed by a Fikian moisture
transport model, wherefore the observed phe-
nomena have been referred to as non-Fikian.
In the present thesis a so-alled multi-Fikian
moisture-transport model that desribes trans-
port in several phases is orreted and rened.
The embedded sorption rate funtion, whih
is an essential part of the moisture transport
model, is studied and revised. Furthermore, a
generalization of the model to desribe desorp-
tion is proposed. In the same paper the bound-
ary onditions for the multi-Fikian model is
disussed as well. It is believed that with this
model the moisture transport in wood an be
desribed with a higher auray.
Further to the non-Fikian behavior, the
omplexity of hysteresis also inuenes the
moisture ontent of wood and thus also the hy-
gromehanial response. In this work a new
hysteresis model, suitable for implementation
into a numerial method is developed. In this
model the prevailing sanning urves are pro-
vided as losed-form expressions, whih only de-
pend on the urrent moisture ontent and rel-
ative humidity. Hene, no history of relative
humidity variations or other storage parame-
ters are neessary. Furthermore, the sanning
urves are modeled independently of the bound-
ary urves by a normalization. This makes the
model appliable to dierent speies and ma-
terials. The independeny also allows temper-
ature variations of the boundary urves to be
taken into aount.
In the present work it is also desribed how
hysteresis and multi-Fikian moisture transport
interat, and a mathematial model desribing
this interation is provided. In the implemen-
tation of the hysteresis model into the multi-
Fikian model a great advantage of the hystere-
sis model developed beomes evident. Aount-
ing for the history of relative humidity varia-
tions an be done by a state variable in prefer-
ene to e.g. an entire independent domain.
Finally, the temperature dependenies of
the multi-Fikian moisture transport model
with hysteresis is disussed, and a fully oupled
heat and mass transport model is formulated.
The model takes the phase hanges between wa-
ter vapor and bound water into onsideration in
the mass transportation as well as heat trans-
portation. That these ouplings exist has been
shown in the literature by various experiments.
However, no experiment provides evidene of all
ouplings at the same time.
Beyond addressing moisture transport, the
present work also treats transverse reep in
an orthotropi material. In experiments, Pois-
son's ratios have been observed to be time-
dependent, and this observation is well sup-
ported by theoretial onsiderations. There-
fore, investigations of the transverse ouplings
in existing models for reep of wood have been
onduted. The most ommon approahes are
investigated on this basis. Typially the models
expliitly or impliitly provide a onstant Pois-
son ratio over time. Consequently, a new ap-
proah that an desribe variations of Poisson's
ratio is proposed. Parallel to this work an ex-
perimental study is urrently being arried out
at Oregon State University. In this thesis the
experimental proedure and setup of this study
are desribed.
6 Perspetives
For the dierent topis addressed in this thesis a
number assumptions and indiret investigations
have been made. To substantiate the theories
in this work further, a number of investigations
and experiments an be made. These and ideas
for ontinued researh within the eld are given
in this setion.
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6.1 Multi-phase moisture transport
The multi-Fikian moisture transport model
onsists of more sub-models for phenomena,
whih have been investigated for dierent
speies and at dierent temperatures through
the years. Although good results have been ob-
tained by assumptions on the onstitutive mod-
els for sorption and water-vapor diusion, ex-
periment for one speies and mathing spei-
mens would substantiate the results found in
this thesis.
The sorption rate in wood has reeived very
little attention, and to the author's knowledge
only one paper by Christensen (1965) addresses
the topi. The slow sorption rate at higher rela-
tive humidity steps has great signiane for the
non-Fikian behavior observed. Thus, to gain
general knowledge on the sorption rate and to
substantiate this important part of the multi-
Fikian model, the sorption rate should be in-
vestigated at dierent relative humidity steps
and at dierent temperatures for one hosen
speies.
The method for measuring the sorption rate
used by Christensen (1965) provides seemingly
easy interpretable results. A stagnant bound-
ary layer is avoided by onduting the experi-
ments in a vauum hamber, and diusion an
be negleted due to the spatial extent of the
speimens used in the experiments.
Stamm (1959, 1960a) measured the bound-
water diusion in wood by lling the pores with
a low melting alloy. The bound-water diusion
at dierent temperatures and at dierent mois-
ture ontent levels an be obtained from this
type of experiment given a known sorption rate.
Experimental quantiation of the water-
vapor diusion in the ellular struture of wood
seems diult. Maybe water vapor ould be
substituted by a gas with the same physial
harateristis but hemially inert with the ell
wall. However, sine many pits are aspirated
and the vapor diusion probably to some extent
depends on adsorption and desorption through
the ell walls, this type of experiment might not
provide the desired results.
If the water-vapor diusion annot be mea-
sured by a lean ut experiment as desribed
above, measuring some segments of the on-
voluted response is a seondary hoie. In
the measurements of weight inrease by Wadsö
(1994b) the weight of the entire speimen was
measured over time. Although muh has been
learnt from this experiment, the total weight
does not provide information of spatial distri-
bution in various phases over time. The bound-
water onentration an be obtained by mea-
suring the weight, but also x-ray tomography
(Lindgren et al., 1992) and Raman spetrosopy
(Gierlinger et al., 2006) may turn out to be
useful tools here. Furthermore, use of dier-
ent experimental stages with dierent ambient
limates as e.g. in (Koponen and Liu, 2001)
ould also be useful in this pursuit. As an ex-
ample measuring the weight gain of a speimen
in a up and the relative humidity in the up at
dierent relative humidity steps ould be used
for studying the relation between sorption rate
and vapor diusion. It is left to the reader to
onstrut an ingenious experiment, whih an
serve as a further study of multi-phase mois-
ture transport.
6.2 Hysteresis
The temperature dependeny of hysteresis has
been investigated to some extent as the bound-
ary urves for dierent speies have been mea-
sured (see setion 3.4). The temperature depen-
deny of the sanning urves has not been in-
vestigated. This an be done by performing ex-
periments similar to those onduted by Peralta
(1995b) at dierent temperatures. This exper-
iment ould be ombined with the experiment
onduted by Christensen (1965) to obtain both
the sorption rate and the hysteresis equilibrium
path.
6.3 Orthotropi reep and mehanosorption
Further researh on the transverse orthotropi
ouplings in reep has been planned, and an
experimental study of the ouplings are in
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progress at Oregon State University.
The theoretial onsiderations on the trans-
verse orthotropi ouplings in reep an be gen-
eralized to take mehanosorption into onsider-
ation as well. Suh a generalization and similar
experiments for mehanosortption are at hand.
First, a qualitative investigation and ompari-
son with results observed in reep and subse-
quently a quantitative investigation ould be
performed.
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Abstrat
This paper presents a study and a renement of the sorption rate model in a so-alled multi-
Fikian or multi-phase model. This type of model desribes the omplex moisture transport
system in wood, whih onsists of separate water-vapor and bound-water diusion interating
through sorption. At high relative humidities, the eet of the omplex moisture transport system
beomes apparent, and sine a single Fikian diusion equation fails to model the behavior, it has
been referred to as non-Fikian or anomalous behavior. At low relative humidities, slow bound-
water transport and fast sorption allow a simpliation of the system to be modeled by a single
Fikian diusion equation. To determine the response of the system, the sorption rate model
is essential. Here the funtion modeling the moisture-dependent adsorption rate is investigated
based on existing experiments on thin wood speimens. In these speimens diusion is shown to be
negligible, allowing a separate study of the adsorption rate. The desorption rate has been observed
to be slower at higher relative humidities as well, and an expression analogous to the adsorption
rate model is proposed. Furthermore, the boundary onditions for the model are disussed, sine
disrepanies from orresponding models for moisture transport in paper produts have been
found.
Key words: adsorption, boundary onditions, desorption, diusion, multi-Fikian, multi-phase,
non-Fikian, slow sorption, sorption rate.
1 Introdution
Moisture transport in wood below the ber sat-
uration point is a proess governed by three
phenomena: (1) bound-water diusion, (2)
water-vapor diusion (Stamm, 1959, 1960a;
Stamm and Nelson, 1961), and (3) the oupling
between the two phases of water.
A hange of vapor pressure in the ambient
air results in diusion of water vapor, Jv, in
wood, sorption of bound-water, and onsequen-
tial, bound-water diusion, Jb. In Figure 1 the
time-dependent proesses of the phenomenon,
i.e., diusion in wood in the two phases and
the sorption oupling, are shematially illus-
trated. It is important to reognize that the
time-dependent sorption plays a signiant role
in this phenomenon.
At low relative humidities, bound-water dif-
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Figure 1 Various time-dependent proesses responsible
for moisture transport in the ellular struture of wood.
fusion is a relatively slow proess, and the mois-
ture transport in wood is governed by water-
vapor diusion, whih is evident from the ratio
between the diusion oeients: Dv/Db ≃ 1 :
4 · 10−6 (Shirmer, 1938; Siau, 1995). Subse-
quently, relatively fast sorption of bound water
ommenes. Hene, the proess governing the
ombined proess is water-vapor diusion and
moisture transport is often modeled by a single
Fikian diusion equation.
At higher relative humidities, bound-water
diusion beomes more signiant (Dv/Db ≃
1 : 2 × 10−5) and the sorption slows down
(Christensen, 1965). This ombined phe-
nomenon of two-phase diusion and sorption
has harateristis that annot be desribed by
a single diusion equation (Krabbenhøft and
Damkilde, 2004). Therefore, it has been re-
ferred to as anomalous behavior ornon-Fikian
eets (Crank and Park, 1951; Wadsö, 1994a).
For a single diusion equation to model one-
dimensional diusion, the frational weight in-
rease, E, as a funtion of time, t, for dierent
speimen thikness, a, is idential when time is
normalized by t1/2/a (Crank 1967). The fra-
tional weight inrease is given by:
E(t) =
w(t)− w0
w∞ − w0 , (1)
where w0 and w∞ are the initial and nal
weight, respetively, and w(t) is the weight at
the time t. Note that surfae resistane here
is assumed to be negligible beause of suient
onvetion at the surfae. Eorts to ensure this
ondition were made in the experiments men-
tioned in the following.
The rst researhers to report the non-
Fikian eets were Crank and Park (1951) for
long polymers and Mandelkern and Long (1951)
for ellulose aetate. Wadsö (1994b; 1994a)
measured uptake of bound water in pine (Pi-
nus silvestris) speimens of various widths, a,
and dierent material diretions at high relative
humidity steps, i.e., 5475% and 7584% rela-
tive humidity. The speimens were exposed on
two symmetrially oriented surfaes in a ven-
tilated limate hamber humidied using salt
solutions. The air veloity was approximately
3 m s
−1
, so that eets from the boundary layer
an be assumed to very small (Rosen, 1978).
Figure 2 shows the frational weight inrease for
diusion in the tangential diretion in some of
these measurements is shown. During the rst
relative humidity step (54-75%) the thik spe-
imen shows a slightly higher rate of frational
weight inrease. In the seond relative humidity
step (75-84%) the thik speimen gains weight
signiantly faster. Besides, these frational
weight inrease urves do not show the Fikian
harateristi of an initial almost linear inrease
sueeded by an abrupt bend into a horizontal
asymptote, but are smoother.
Thus, it an be onluded that the observed
phenomenon annot be modeled by a single
Fikian diusion equation. In the following, the
development of a moisture transport model ap-
turing this behavior is presented.
2 Development of the multi-
Fikian model
As early as the 1960s, a detailed model that
onsidered several moisture transport routes
was suggested by Stamm (1960b), and Siau
(1984) presented a simpler, but similar model.
In these models, the resistanes to diusion
from ell walls and lumens are parallel and se-
rially onneted. The underlying assumption
onneting these resistanes is instantaneous
sorption or immediate equilibrium between the
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Figure 2 Frational weight inrease, E, in pine spe-
imens over time normalized with respet to speimen
thikness a from measurements by Wadsö (1994b).
water vapor and bound water. Thus, the time
dependene of sorption, i.e., the vertial pro-
ess in Figure 1, is negleted. Therefore this
type of model annot desribe the non-Fikian
behavior aused partly by slow sorption.
Consequently, the transport of water vapor
and bound water must be modeled in separate
phases onneted through a phase hange, i.e.,
time-dependent sorption. Here, this type of
model is referred to as a multi-Fikian model,
sine bound-water and water-vapor transport
are desribed by two oupled Fikian diusion
equations, one for eah phase.
To the best of our knowledge, the rst re-
searher to follow up on Wadsö's experiments
with this type of mathematial model was Cun-
ningham (1994). The dierential equations
posed were solved analytially, so that a number
of simpliations of the physis were made, i.e.,
bound-water diusion (Jb in Figure 1) was ne-
gleted and the sorption isotherm was assumed
linear. However, with the equation-solving tool
available, this approah gave quite good re-
sults when omparing to one of Wadsö's exper-
iments.
Salin (1996) inluded the bound-water dif-
fusion and solved the problem analytially, so
the isotherm was again assumed to be lin-
ear. Again, relatively good results were ob-
tained using an analytial solution. Salin or-
retly indiated the applied sorption funtion
to be the reason why his model deviates from
Wadsö's measurements at higher relative hu-
midities. Salin assumed that the sorption rate
funtion, whih is independent of the mois-
ture ontent. This dependeny beomes lear
when studying the experiments by Christensen
(1965), and is further disussed below.
Absetz and Koponen (1997) modeled multi-
Fikian moisture transport in laminated veneer
lumber (LVL) parallel to grain in speimens of
dierent thikness. Sine all experiments were
performed at the same relative humidity step,
a moisture-independent sorption rate was su-
ient to obtain good results. Furthermore, Ab-
setz and Koponen provided an important dis-
ussion of the magnitude of dierent parame-
ters involved in their model, but without iden-
tifying them.
Krabbenhøft and Damkilde (2004) dis-
ussed and identied some of these physi-
al onstants, introdued an expression for
moisture-dependent sorption rate and applied
a non-linear isotherm. Furthermore, the two
diusion equations were formulated in terms of
onentration of bound-water and water-vapor
pressure in preferene to onentrations only
(Cunningham, 1994; Salin, 1996) or pressures
only (Absetz and Koponen, 1997). An overview
of the model development is provided in Table
1.
Parallel to this line of researh, the type of
models has also been applied on moisture trans-
port in paper staks; see e.g. (Bandyopadhyay
et al., 2000; Foss et al., 2003; Massoquete et al.,
2005).
The present paper renes the work of
Krabbenhøft and Damkilde (2004) and previ-
ous researhers with studies on the so far un-
doumented, but essential, sorption rate fun-
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Table 1 Progress of the multi-Fikian model renement.
tion in relation to the multi-Fikian model.
The studies on the sorption rate funtion are
based on measurements by Christensen (1965).
Initially, the oupled diusion equations that
onstitute the mathematial framework are de-
rived. The boundary onditions for the prob-
lem are presented and disussed based on dif-
ferenes in similar models for moisture trans-
port in paper staks. Finally, results from the
revised model are ompared with the measure-
ments by Wadsö (1994b).
3 Diusion proesses
As mentioned, transport in the two phases
(bound water and water vapor) takes plae by
diusion. The diusion equations are initially
stated in terms of onentrations of water in
eah phase relative to the dry volume of wood.
Thus, eets arising from volume hanges due
to swelling are omitted from the mass balane.
The ux vetors of the bound water, Jb, and
water vapor, Jv, are given by the onstitutive
equations (Fik's rst law):
Jb = −Db∇cb , Jv = −Dv∇cv (2)
where cb and cv are the onentration of water
in the bound-water and water-vapor phase, re-
spetively, with the dry volume of wood as ref-
erene (kg m
−3
). The matries Db and Dv on-
tain the temperature and moisture-dependent
diusion oeients for the dierent material
diretions in the diagonal (m
2
s
−1
). ∇ is the
spatial gradient operator.
Sine the dry volume has been hosen as
referene for onentrations, the mass onser-
vation equations for eah phase are:
∂cb
∂t
+∇ · (Jb) = c˙ , ∂cv
∂t
+∇ · (Jv) = −c˙.
(3)
These deviate from the standard Fikian mass
onservation equation, with the right-hand side
ontaining the sorption rate, c˙. Through this
term, the water is allowed to hange phase. For
a positive value of c˙, water is adsorbed from the
vapor phase to the bound-water phase. Elimi-
nating the uxes Jb and Jv from Eqs. (2) and
(3) provides the governing equations:
∂cb
∂t
=∇ · (Db∇cb) + c˙ (4)
∂cv
∂t
=∇ · (Dv∇cv)− c˙. (5)
The water-vapor diusion equation is based on
onentration, whereas the amount of water va-
por in the ambient air is quantied in terms
of partial gas pressure, pv, and hene it is ad-
vantageous to shift the independent variable by
applying the ideal gas law:
pv =
nv
V
lumens
RT = c′v
RT
M
H
2
O
, (6)
where c′v is the onentration of water va-
por based on the volume of the ell lumens,
V
lumens
(m
3
), R the universal gas onstant
(J mol
−1
K
−1
), T the temperature (K) and
M
H
2
O
the moleular mass of water (kg mol
−1
).
The relationship between the onentration cv,
whih is based on total volume, and c′v is:
ϕ =
V
lumens
wv
V
total
wv
=
cv
c′v
, (7)
where ϕ is the porosity and wv is the mass of
water vapor. Inserting Eqs. (6) and (7) into
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Eq. (5) yields:
∂
∂t
(
pv
ϕM
H
2
O
RT
)
=∇ ·
(
Dv∇
(
pv
ϕM
H
2
O
RT
))
− c˙.
(8)
For an isothermal ase, where no gradients in
temperature are present, Eq. (8) simplies to:
ϕ
∂pv
∂t
=∇ · (ϕDv∇pv)− RT
M
H
2
O
c˙. (9)
Eq. (9) diers from Eq. (11) in (Krabben-
høft and Damkilde, 2004) with the fration
RT/M
H
2
O
. However, in their numerial sim-
ulations this fration was aounted for.
Diusion in the ell lumens is assumed to
be similar to diusion in stagnant air, but om-
pensated for the geometry of the lumens and
resistane at the narrow passages of the pits.
Diusion of water vapor in bulk air is estimated
by the empirial expression by Shirmer (1938):
Dv = ξ
(
2.31× 10−5 patm
p
atm
+ pv
(
T
273K
)1.81)
︸ ︷︷ ︸
Shirmer
,
(10)
where patm is the atmospheri pressure and pv
the partial vapor pressure. The matrix ξ on-
tains the estimated redution fators, due to
hindrane of the diusion in the ellular stru-
ture. The redution fators for the dierent di-
retions are loated in the diagonal of the ma-
trix.
For typial softwoods, the diusion of wa-
ter vapor longitudinal to the traheid bers is
governed by the partly interonneted lumens.
In the tangential diretion, diusion is signi-
antly hindered by the narrow passages at the
intertraheid pits and bordering pits, so that
the redution here is expeted to be more sub-
stantial. The redution fators applied, reet-
ing diusion through pits as well, are identi-
ed from the experiments arried out by Wadsö
(1994b) as ξL = 0.9 and ξT = 0.03.
Diusion in the ell walls an be determined
using an expression of Skaar and Siau (1981).
They derived a bound-water diusion oe-
ient of the Arrhenius type for bound-water dif-
fusion transverse to the ber diretion based on
the measurements made by Stamm (1959). The
bound-water diusion oeient in the longi-
tudinal diretion is estimated to be 2.5 times
greater than that in the tangential diretion
(Siau, 1995). Thus, the matrix with the dif-
fusion oeients is written as:
Db = D0 exp
(−Eb
RT
)
, (11)
where Eb is the ativation energy for bound-
water diusion (J mol
−1
). The diagonal terms
of D0, i.e., D
0
T and D
0
L are equal to 7 ×
10−6 m2s−1 and 17.5 × 10−6 m2s−1, respe-
tively, for a two-dimensional ase (Siau 1984).
The ativation energy may be approximated
by the linear expression Eb = (38.5− 29m) ×
103 J mol−1 (Siau, 1995), where m = cb/ρ0
is the moisture ontent and ρ0 is the dry den-
sity of wood. The derease in ativation energy
with moisture ontent is due to the derease in
bonding energy at the sorption sites.
4 Sorption
Sorption is a phase hange between water vapor
and bound water, whih ours when the driv-
ing potentials in the two phases are not in equi-
librium. The driving potentials are the water-
vapor pressure pv and the bound-water onen-
tration cb. Comparison requires onversion to
the same basis through the sorption isotherm,
whih represents equilibrium.
Either the water-vapor pressure pv is on-
verted to a saturated bound-water onentra-
tion cbs, or the bound-water onentration cb
is onverted into a wood vapor pressure that
is in equilibrium with it pvw (Figure 3). The
rst approah was hosen in (Frandsen, 2005),
but better results have been obtained with the
latter, whih is applied here.
The Hailwood-Horrobin isotherm is applied
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Figure 3 Conversion of driving potentials through the
sorption isotherm to determine sorption.
in the model:
m(h) =
h
f1 + f2 h+ f3 h2
, (12)
where m is the moisture ontent, h is the rela-
tive humidity and the shape fators are f1 =
2.22, f2 = 15.7 and f3 = −14.0 (all non-
dimensional).
Sine sorption eases at equilibrium, the
sorption rate is modeled as being proportional
to the dierene between the driving vapor
pressure in ambient air pv and the vapor pres-
sure orresponding to the bound-water onen-
tration in wood pvw (Figure 3):
c˙ = H(pv − pvw), (13)
where H is a moisture-dependent reation rate
funtion speifying the rate of the sorption
(kg m
−3
Pa
−1
s
−1
). The model desribes the de-
reasing sorption rate c˙ when equilibrium is ap-
proahed (pvw → pv) (Figure 3).
When equilibrium is approahed at high rel-
ative humidities, the sorption slows down sig-
niantly. To model the derease, Krabben-
høft and Damkilde (2004) applied the upper
half of the following expression for adsorption
pvw < pv:
H =

C1 exp
(
−C2
(
pvw
pv
)C3)
+ C4 pvw < pv
C1 exp
(
−C2
(
2− pvwpv
)C3)
+ C4 pvw > pv
(14)
where Ci are the vapor pressure or relative hu-
midity dependent variables. In partiular, C2,
has great signiane for the onset of slow sorp-
tion (Figure 4).
The lower half of Eq. (14) desribes the
sorption rate in desorption (pvw > pv) by as-
suming dereasing desorption rate similar to
that of adsorption as equilibrium is approahed
(Figure 4).
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Figure 4 Variation of H with relative saturation
pvw//pv in adsorption and desorption for dierent val-
ues of C2. C1, C3 and C4 is presented in Table 2
This hypothesis is supported by measure-
ments of slower desorption (lower c˙) at the
higher relative humidity steps by Håkansson
(1994).
The frational weight derease, E(t), shown
in Figure 5 in these measurements is alulated
as:
E(t) =
w∞ − w(t)
w∞ − w0 . (15)
Note that the trend of slower desorption at
higher relative humidities orresponds to that
for adsorption in the experiments by (Wadsö,
1994b) (Figure 2).
The non-linearity of the sorption rate ex-
pressed through Eq. (14) most likely relates
to the slower binding of the outer moleules on
a sorption site, beause of the smaller amount
of potential energy assoiated with that bond.
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However, no theories have been proposed for
the rate.
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Figure 5 Measurements of frational weight derease
over time for 3 dierent relative humidity steps by
Håkansson (1994).
Krabbenhøft and Damkilde (2004) ali-
brated the H-funtion to the experiments by
Wadsö (1994b). They found no noteworthy
variation of the C1, C3 and C4 parameters in
the two intervals of relative humidity of the
experiments (54-75% and 75-84%). Therefore,
they assumed C1, C3 and C4 to be onstant.
The parameter C2 was found to depend on
moisture ontent, but in their model it was as-
sumed to be onstant within eah of the two
relative humidity steps. The values applied by
Krabbenhøft and Damkilde (2004) are provided
in Table 2.
C1 C2 C2 C3 C4
(Pa
−1
s
−1
) 54-75% 75-84% (Pa−1s−1)
2.6× 10−6 8 40 50 8.0× 10−8
Table 2 The c2j -oeients of the C2(h)-funtions in
the multi-Fikian model (Krabbenhøft and Damkilde,
2004)
From Table 2 it is seen that the C2 param-
eter inreases quite rapidly at higher relative
humidities. To model the rapid inrease, the
following ontinuous variation of C2 has been
assumed here:
C2(h) = c21 exp(c22 h), (16)
where the shape parameters c21 and c22 are al-
ibrated to the measurements made by Wadsö
(1994b) to 5.22 × 10−6 and 19.0, respetively.
This ontinuous variation is illustrated in Fig-
ure 6 as the dot-and-dash line together with
the two onstant levels applied by Krabben-
høft and Damkilde (2004) (marked with ⋆ and
+). As shown in Figure 11, good results an be
obtained by applying Eq. (16). However, the
magnitude and variation of the Ci parameters
and the H-funtion have not been doumented.
In the following we onsider a sorption exper-
iment arried out by Christensen (1965) to in-
vestigate the magnitude and variation of the
parameters of the sorption rate model.
4.1 Study of sorption experiments
Christensen (1965) investigated the rate of
sorption for thin arauaria speimens (Arau-
aria klinkii Lauterb.) in the absene of air at
40°C. She measured the sorption rate for dier-
ent speimen thikness and diretions to grain
for the following three thin speimen types:
• 1 mm thik, ut aross grain
• 1 mm thik, ut parallel to grain
• 20 µm thik, ut parallel to grain
The weight gains of all the speimen types
for dierent moisture steps were almost identi-
al, and the inuene of the boundary layer was
eliminated by the absene of air. It an there-
fore be onluded that the spatial proess of
vapor diusion into the wood lumens is instan-
taneous or negligible. Thus, adsorption gov-
erns the proesses leading to the weight inrease
measured. For the seond type of speimen
(1 mm thik, ut parallel to grain) the mass
hange over time was measured at dierent rel-
ative vapor pressure steps (Figure 7).
Note that at higher relative humidity from
approximately 55% and up, a radial derease
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Figure 6 Variation of the parameters C2 and C3 with
relative humidity applied in the sorption rate model to
klinki pine and in the sorption rate model embedded in
the multi-Fikian model to pine.
in sorption rate ours after 30-40 min of sorp-
tion. This is one of the phenomena ausing the
so-alled non-Fikian behavior (Wadsö, 1993).
Hene, these experiments show the same ten-
deny as the experiments by Wadsö (1994b).
Sine vapor diusion and thus also the spa-
tial variation of bound-water onentration an
be negleted, the bound-water onentration
an be obtained by integrating the sorption rate
c˙ with respet to time:
cb(t) = cb0 +
∫ t
0
c˙(τ)dτ, (17)
where cb0 is the initial bound-water onentra-
tion. Without a spatial variation of onentra-
tion, the frational weight inrease an be ob-
tained by Eq. (1) as
E(t) =
cb(t)V − cb0V
cb∞V − cb0V =
cb(t)− cb0
cb∞ − cb0 , (18)
where V is the volume of the speimen.
By Eqs. (17) and (18) the sorption rate
model Eq. (14) an be alibrated against the
measurements. This alibration was onduted
in two ways.
First, the oeients C1, C2, C3 and C4
were assumed to be onstant within eah rela-
tive humidity step resulting in the solid lines in
Figure 7. This quite good t shows a variation
of the onstants Ci with relative humidity. In
Figure 6, this variation is shown as the ve rst
disontinuous, marked lines, and the values are
provided in Table 3. Perturbations of C1 from
the onstant value 2.0 × 10−3 do not inuene
the result of this alibration signiantly, so the
parameter is hosen to be onstant.
s.r.m., var. C
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Figure 7 Frational weight inrease of thin speimens of
klinki pine measured by Christensen (1965) and alibra-
tions of the sorption rate model in (14) with onstant
and variable Ci.
Seond, a variation idential to Eq. (16) of
the Ci(h) parameters with relative humidity is
assumed:
Ci(h) = ci1 exp(ci2 h) + ci3 exp(ci4 h). (19)
This funtion is hosen to model the radial in-
rease of C2 and C3 with relative humidity (Fig-
ure 6).
Calibration of Eqs. (14) and (19) to the
measurements with the Ci(h) parameters as a
funtion of relative humidity yields the dashed
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C1 2.0e-3 2.0e-3 2.0e-3 2.0e-3 2.0e-3
C2 2.54e-1 4.48 7.00 20.0 36.6
C3 0.252 0.239 0.767 6.91 14.5
C4 -1.55e-3 -2.31e-5 -1.77e-6 3.60e-7 4.04e-7
Table 3 The onstant Ci parameters for the dierent rel-
ative humidity steps in the experiments by Christensen
(1965). The unit of C1 and C4 is Pa−1s−1.
lines in Figures 6 and 7. The cij-oeients
obtained are shown in Table 4.
Hene, the H-funtions vary with the de-
gree of saturation pvw/pv, through the Ci(h)
parameters, and also with relative humidity
h = pvw/ps. In Figure 8 the H-funtion is plot-
ted against these two variables.
Ci ci1 ci2 ci3 ci4
C1 8.90e-5 0 0 0
C2 1.44 3.76 1.77e-11 37.39
C3 0.409 5.074 1.16e-7 23.57
C4 2.37e-4 -41.96 2.83e-7 0.268
Table 4 The cij-oeients in the Ci(h)-funtions in the
experiments by Christensen (1965). The unit of c11, c13,
c41 and c43 is Pa−1s−1.
The markers in Figure 8 are the H-funtion
extrated from the measurements by Chris-
tensen (1965). From the slope between two
suessive measurements at the times {tk} and
{tk + ∆tk}, respetively, the disrete points of
the H-funtion have been extrated by the fol-
lowing entral dierene disretization of Eq.
(13):
H
{
tk +
∆tk
2
}
=
c˙b{tk +∆tk/2}
pv{tk +∆tk/2} (20)
where
c˙b
{
tk +
∆tk
2
}
=
cb{tk +∆tk} − cb{tk}
∆tk
(21)
pv
{
tk +
∆tk
2
}
=
pv{tk}+ pv{tk +∆tk}
2
. (22)
The bound-water onentrations cb are eval-
uated from the sorption isotherm tted with
Eq. (12) to the measurements (Figure 9). For
klinki pine at 40C: f1 = 1.81, f2 = 14.7 and
f3 = −12.6.
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Figure 9 Sorption isotherm for klinki pine at 40°C ali-
brated to the measurements by Christensen (1965).
From this investigation it an be onluded
that the H-funtion applied to the multi-
Fikian model has the same magnitude as the
H-funtion omputed from the measurements
by Christensen (1965). Furthermore, the varia-
tion of the C2(h)-funtion, whih governs the
initialization of slow sorption, has the same
trend and magnitude for both types of experi-
ment and speies.
5 Boundary onditions
Water vapor is diusing through a boundary
layer of stagnant and slower moving air and into
the wood (Figure 10).
If the airow at the wood surfae is slow, the
boundary layer provides resistane to diusion.
The ux vetor of vapor Jv perpendiular to
the surfae, with the normal vetor n, n · Jv is
driven by the dierene in vapor pressure over
the boundary layer. Thus, the following Neu-
mann boundary ondition an be stated:
n · Jv = kv(psv − pav), (23)
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Figure 8 Variation of the H-funtion with degree of saturation (pvw/pv) and relative humidity h. The markers
indiate the measurements on klinki pine arried out by Christensen (1965). The dashed and the dot-and-dash
lines are the H-funtions applied to the multi-Fikian model for the measurements on pine. The thik solid lines
are the H-funtion with onstant Ci-oeients and the mesh with varying Ci(h)-funtions omputed from the
measurements on klinki pine. The gray part of the mesh is not veried by measurements.
where psv and p
a
v are the vapor pressures at the
surfae and in the ambient air, respetively. kv
is the mass transfer oeient of the boundary
layer.
At higher air veloities, the resistane from
this layer may be assumed to be negligible, see
e.g. (Rosen, 1978), and the partial vapor pres-
sure at the surfae an be assumed to be identi-
al to the partial vapor pressure in the ambient
air; thus the following Dirihlet boundary on-
dition an be stated:
psv = p
a
v. (24)
Additional bound water an only be added
to the system by adsorption. Sine bound wa-
ter is restrited to the solid medium (wood),
it does obviously not move through the sur-
fae, i.e., n · Jb = 0 (Figure 10). The ommon
approah for modeling moisture transport in a
paper stak is to assume the outermost sheet
of paper is in equilibrium with the ambient air
csb = c
a
b (Bandyopadhyay et al., 2000; Foss et al.,
2003; Massoquete et al., 2005). However, for
the onentration of bound water in the sheet to
remain onstant at arbitrarily large amounts of
bound-water transport from the sheet, this as-
sumption implies instantaneous sorption of wa-
ter from the air to the sheet. This is not the
ase; sorption is a time-dependent proess, as
disussed in the previous setion. Hene, the
orret boundary ondition for paper and wood
must be:
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Figure 10 Movement of water vapor through the bound-
ary between air and wood with onsequential sorption
and bound-water diusion.
n · Jb = 0. (25)
6 Simulations of experiments
In the following, simulations of the measure-
ments by Wadsö (1994b) using the model im-
plemented into a ommerial software (Com-
sol Multiphysis
TM ) are presented. In the ex-
periments, the dierent speimens's mass gain
during two almost instantaneous steps of rela-
tive humidity was measured, i.e., 54-75% and
75-84% relative humidity. Equilibrium was en-
sured before initiation of eah step. Thus, the
speimens have a uniform initial vapor pres-
sure distribution and a orresponding uniform
bound-water onentration distribution. As the
steps are initialized, Eq. (25) is applied as the
bound-water boundary ondition. The air ve-
loity in the experiment is about 3 ms
−1
, whih
allows Eq. (24) to be applied as the vapor pres-
sure boundary ondition. The transient prob-
lem is alulated by the following equations:
• Diusion: Egs. (5), (8), (10) and (11); and
• Sorption: Eqs. (12), (13) and (16),
where the C parameters applied are stated in
Table 2 apart from C2, whih depends on the
relative humidity aording to Eq. (16). The
mass gain and frational weight inrease is eval-
uated for eah time step by integrating the
bound-water onentration over the volume.
The frational weight inrease in the simula-
tions is ompared with the measurements by
Wadsö (1994b) in Figure 11.
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Figure 11 The variation of frational weight inrease E
over time. The irles indiate the measurements by
Wadsö (1994b) and the solid lines indiate the simula-
tions by the multi-Fikian model.
From Figure 11 it an be onluded that the
major feature of a harateristi drops in fra-
tional weight inrease rate for high relative hu-
midities is aptured by the model. For most
pratial appliations, the model provides ad-
equate results for dierent material diretions
and thikness.
An example of the distribution of bound-
water onentration and water-vapor pressure
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in the simulations is presented in Figure 12,
from whih the eet of the boundary ondi-
tions disussed an be observed. Water va-
por diuses into the speimen and adsorbs into
bound water, whih therefore falls behind. An-
other onsequene of the ombined transport
system and boundary onditions is the smaller
gradients of bound-water onentration lose to
the boundary ompared to a Fikian model.
The large gradients in moisture ontent pre-
dited by a Fikian model would result in large
gradients in moisture indued stresses and on-
sequently in raks for even a small inrease in
relative humidity. These smaller gradients in a
multi-Fikian model ould explain why raks
do not appear during smaller hanges in relative
humidity in the ambient air.
75
0 8.1 16.2
12.5
13
13.5
0 8.1 16.2
78
80
82
84
0 8.1 16.2
8
9
10
11
12
0 8.1 .2
55
60
65
70
14
14.5
16
75-84%
54-75%
75-84%
54-75%
,(mm) , (mm)
PSfrag replaements
m
×
1
0
0
m
×
1
0
0
h
×
1
0
0
h
×
1
0
0
xx
Figure 12 Distribution of bound water in terms of mois-
ture ontent m = cb/ρ0 and vapor pressure in terms of
relative humidity h = pv/ps in the simulation of the
experiment on the tangential 8.1 mm speimen. ◦: 1/2
min, △: 2h, ⋆: 10h, ⋄: 40h, ▽: 4days, ×: 7days, :
14days, ∗: 29days.
7 Disussion
With this presentation of the multi-Fikian
model, a more realisti sorption rate funtion
has been introdued, and thus a ertain level of
omplexity has been hosen. In this setion the
level of omplexity and validity of the presented
model are disussed.
The multi-Fikian model relies on three
physiohemial phenomena, i.e., bound-water
diusion, water-vapor diusion and sorption.
The transport of bound water was measured
by Stamm (1960a), as mentioned in the in-
trodution. By lling the apillaries with a
molten metal alloy ontaining bismuth, whih
expands during solidiation, the diusion of
water vapor was prevented. Transport into
lear wood ours at a muh higher rate, whih
indiates that water vapor in the lumens is the
main transportation path. The experiments
by Christensen (1965) prove that sorption is a
time-dependent proess. Hene, it is reasonable
to assume that all the onsidered phenomena
our in wood. However, the question arises as
to whether any of the phenomena an be ne-
gleted.
Slow sorption annot be the only explana-
tion for the non-Fikian eets observed by
Wadsö (1994b,a), sine the experiments would
yield idential results for dierent speimen
thikness, whih is not the ase (f. Figure 2).
Although the presented multi-Fikian
model takes a number of phenomena into a-
ount, it does of ourse have limitations. Here,
a simple S-shaped sorption isotherm has been
applied, but sorption is hystereti, and Eq.
(12) an be replaed by a hystereti sorption
funtion. For further details on implementation
of hysteresis into a multi-Fikian model, see
(Frandsen and Svensson, 2007). Furthermore,
temperature variations have not been disussed
in this paper, but the Soret eet inuenes
the bound-water transport, see e.g. (Skaar
and Siau, 1981; Siau and Avramidis, 1993).
Temperature variations an be taken into
aount as well by inluding oupling terms to
heat transfer in the onstitutive relations sup-
plemented with a multi-phase energy balane
equation and a onstitutive model for heat
transfer, see e.g. (Whitaker, 1977).
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8 Conlusions
In the present paper, the following new ndings
for a multi-Fikian model to desribe moisture
transport in wood are presented:
• The sorption rate model embedded in the
multi-Fikian model is rened to be a va-
por pressure-dependent ontinuous funtion,
whereas it in previous work was assumed to
be a disontinuous funtion.
• The parameters involved in the sorption rate
model have been alibrated against the mea-
surements made by Wadsö (1994b). These
are ompared to those found in sorption ex-
periments arried out by Christensen (1965).
The variation of the parameters with rela-
tive humidity in the two investigations is ob-
served to be similar.
• To make the theory appliable to desorption,
a desorption rate funtion, whih is analo-
gous to that of the adsorption rate, is pro-
posed. This hypothesis is supported by mea-
surements of slow desorption at high relative
humidities performed by Håkansson (1994),
whih display analogous behavior as those on
adsorption by Christensen (1965).
• The boundary onditions used for moisture
transport in paper were found to imply an
immediate equilibrium for sorption of bound
water at the boundary with the ambient
air, regardless of the internal moisture trans-
port. This annot be true, sine sorption is a
time-dependent proess. Thus, the bound-
ary onditions typially applied in multi-
Fikian models for moisture transport in
wood should be sustained.
Finally, the multi-Fikian model was ompared
with the measurements by Wadsö (1994b). The
model aptured the harateristi drop in the
frational weight inrease rate for the high rel-
ative humidities range as well as regular Fikian
behavior in the low range. This observation is
valid for dierent material diretions and spe-
imen sizes.
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Abstrat
The equilibrium moisture ontent in wood depends not only on the urrent relative humidity in
ambient air, but also on the history of relative humidity variations. This hysteresis dependene of
sorption in wood implies that in the worst ase the moisture ontent for a given relative humidity
may deviate by 30-35%. While researhers seem to have reahed a general agreement on the
hypothesis for the sorption hysteresis phenomenon, only a few models desribing the phenomenon
are available. Current models suh as the independent domain model have numerial deienies
and drawbaks. This paper presents a new hysteresis model, whih mathematially resolves in
losed-form expressions, with the urrent relative humidity and moisture ontent as the only
input parameters. Furthermore, the model has the advantage of being appliable to dierent
sorption isotherms, i.e., dierent speies and dierent temperatures. These features make the
model relatively easy to implement into a numerial method suh as the nite element method.
Key words: hysteresis; independent domain model; moisture ontent; numerial method; sorption.
1 Introdution
Variation of the relative humidity in ambient
air auses variations in the moisture ontent
of wood. However, a given relative humidity
does not uniquely dene the equilibrium mois-
ture ontent. The history of the variations must
also be taken into aount. Figure 1 illustrates
the dependene of moisture ontent, m, using a
sequene of relative humidity, h, variations.
The explanation for the sorption hystere-
sis phenomenon is found in the hemial be-
havior and omplex struture of wood. The
gluane hains of ellulose within the mirob-
rils are organized into rystalline and pararys-
talline regions. There are more intermoleular
hydrogen bonds (to the OH groups of the neigh-
m
h
B:desorption boundary curve
C: primary scanning curve
D: secondary scanning curve
10 bc cd
d
bc
d
cd
mfs
m
m
m
hhh
A: adsorption
boundary curve
Figure 1 Various boundary and sanning urves.
boring hains) in the former than in the lat-
ter. The non-partiipating OH groups are also
alled sorption sites, sine they have great an-
 43 
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ity for water and are responsible for sorption in
wood (Avramidis, 1997; Dinwoodie, 2000). Ad-
sorption of water leads to swelling of the ell
wall and breaking of hydrogen bonds, and thus
more available sorption sites beome unbound.
The hydrogen bonds are re-established during
desorption, but this proess is delayed, sine
water moleules now oupy the sorption sites.
Hene, wood ontains more water at a given
relative humidity during desorption than dur-
ing adsorption. For an arbitrary variation in
the relative humidity, onditions between pure
adsorption and pure desorption depend on the
availability of sorption sites. The terminology
is presented in Figure 1.
Using initial onditions of the dry state with
a moisture ontent (MC) and relative humidity
(RH) equal to zero and inreasing the RH to
100% provides the so-alled adsorption bound-
ary urve, A. Dereasing the RH also dereases
the MC along the desorption boundary urve,
B. An inrease in RH before reahing the dry
state again results in movement along a so-
alled sanning urve, C, whih gradually ap-
proahes the adsorption boundary urve. This
type of sanning urve is alled a primary san-
ning urve, and a sanning urve taking ori-
gin in this is alled a seondary sanning urve,
D, et. The points at whih a shift from a
desorption urve to an adsorption urve ours
{hbc,mbc}, or the reverse {hcd,mcd}, are alled
reversal points.
In the following setion an evaluation of the
existing models and requirements for a model
suitable for numerial implementation is pro-
vided. A new model fullling these require-
ments is then presented and the model is tted
to existing experimental data. Finally, exam-
ples to illustrate the proedure of the model are
outlined.
2 Existing hysteresis models
A lassial approah for modeling sorption hys-
teresis is the independent domain (ID) model
developed by Everett and o-workers (Everett
and Whitton, 1952; Everett and Smith, 1954;
Everett, 1954, 1955). The model was applied to
wood by Peralta (1995b,a, 1996) and improved
further by Peralta and Bangi (1998a,b). This
and a model by Pedersen (1990) are disussed
in the following.
2.1 The independent domain model
In the ID model the amount of ativated sorp-
tion sites is guratively aounted for in an ID,
Ω. Likewise, the funtion over this domain,
w, may be interpreted as the amount of water
moleules bound at eah sorption site (Figure
2). This funtion may be obtained indiretly
by measurements of a series of sanning urves.
w
h
h
h
W
21
12
a
ha
Figure 2 The w-funtion over the ID Ω. The domainΩ is
here bounded by h21=0, h12 = ha and always bounded
by h12 = h21.
Thus, the volume integral of this funtion
over the domain Ω provides the present MC,
m:
m =
∫
Ω
w(h12, h21)dΩ (1)
where h12 and h21 are the adsorption and des-
orption relative humidities, respetively. The
domain is from the dry ondition during ad-
sorption expanded to vertial lines interseting
at h12. During desorption, the domain is re-
dued along horizontal lines interseting at h21.
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Figure 3 illustrates hanges in ID due to the
hanges in RH in Figure 1.
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Figure 3 Changes in ID due to hanges in the RH in
Figure 1.
Measurements of sorption hysteresis in yel-
low poplar (Liriodendron tulipifera L.) were
presented by Peralta (1995b), whih involved
suessful appliation of a method that was
a disretization of the ID model in Peralta
(1995a). However, the disretization only al-
lowed steps between the RH values 0%, 11%,
32%, 53%, 75%, 92% and 100%.
Thus, Peralta (1996) rened the model to
take smaller RH steps into aount. However,
this renement violates the original method of
Everett (Everett and Whitton, 1952; Everett
and Smith, 1954; Everett, 1954, 1955), and in
the general ase, some subdomains are omitted,
leading to a loss of water in the aounting. As
an example of this, onsider the sequene of RH
hanges 100%, 60% and 40%. As observed in
Figure 4, some of the original domain in Figure
4a is omitted.
0
0.11
0.32
0.53
0.75
0.92
1
a
h
h
c
h
b
h12 12 12
2
1
omitted
subdomain
Figure 4 RH hanges in the rened disretized ID by
Peralta (1996) leading to loss of water.
To generalize the measurements from a
given isotherm for a given speies, and thus
avoid extensive experimental work, Peralta and
Bangi (1998a,b) presented two models based on
the work of Mualem (1973, 1974). On simpli-
fying assumptions made on the w-funtion, the
rst paper presents an analytial model for de-
termining the sanning urves from the adsorp-
tion and desorption boundary urves. The se-
ond paper is based on a more physial approah,
but involves a more ompliated struture for
hanges in the ID. Both of the models still in-
volve aounting for an entire domain or entire
history of RH variations to obtain the MC.
In addition to the aounting ompliations,
the ID model has another major numerial
drawbak for isotherms with a slope dierent
from zero in the dry ondition. Thus, here it im-
pliitly involves singularities in the w-funtion
at the aute-angled orners of domain Ω, as
shown in Appendix A.
2.2 Pedersen's model
Pedersen (1990) presented a model in whih the
slopes of the sanning urves are determined as
a weighted average of the slopes of the adsorp-
tion boundary urve ξa = ∂ma/∂h and desorp-
tion boundary urve ξd = ∂md/∂h. The slopes
of the adsorption sanning ξsa and desorption
sanning ξsd urves by Pedersen have been gen-
eralized by Frandsen (2005) to:
ξsa =
(md −m)bξa + a(m−ma)bξd
(md −ma)b (2a)
ξsd =
a(md −m)bξa + (m−ma)bξd
(md −ma)b , (2b)
where aand b are speies-independent shape pa-
rameters.
This formulation provides a dierential
equation that must be solved numerially in the
h−m domain for eah step in time in a numeri-
al method. Frandsen (2005) applied this model
suessfully to the measurements performed by
Peralta (1995b) on yellow poplar (Liriodendron
tulipifera L.) at 30°C and to measurements on
Norway sprue (Piea abies) at 20°C performed
by Ahlgren (1972).
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2.3 Evaluation of existing models
Besides the two models desribed above, mod-
els for desribing sorption hysteresis in unsat-
urated soil have been proposed (Sott et al.,
1983; Kool and Parker, 1987; Huang et al.,
2005). The physis are dierent from sorption
hysteresis in wood, sine the driving fores of
sorption in wood are primarily of a hemial
nature ompared to the apillary fore-driven
sorption in porous materials (Avramidis, 1997).
Mathematially, however, the models are more
similar. The model by Huang et al. (2005) has
the advantage of desribing the sanning urves
using losed-form expressions, with the two pre-
vious reversal points as input. A drawbak is
that the model for the sanning urves is not
naturally bounded by the boundary urves.
The ID models and Pedersen's model are
both very umbersome to implement into a
numerial method suh as the nite element
method, sine the prevailing sanning urve
must be evaluated numerially for eah step for-
ward in time.
A losed-form expression for the sanning
urve would be advantageous for implementa-
tion into a numerial method. Being able to
predit the sanning urve from the urrent
ondition {h0,m0}, thereby avoiding aount-
ing for the entire history of RH variations, as
shown in Figure 5a, would also be a great ad-
vane. Finally, temperature variations should
easily be inluded in the hysteresis model.
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Figure 5 (a) Predition of the sanning urve from the
urrent ondition {h0,m0}. (b) A sorption isotherm
with symbols as used in the text.
In the next setion a new model fullling
these requirements is proposed.
3 Proposed exploited sorption site
model
A new approah for desribing sorption hystere-
sis is developed through the following steps:
• It is reasoned that a sanning urve is
uniquely dened by the prevailing state.
Thus, it is possible to nd a losed-form ex-
pression for a sanning urve traing through
the state.
• The model is generalized by normalization
to modeling dierent sorption isotherms for
dierent speies and temperatures.
• Finally, the proposed mathematial model is
stated as losed-form expressions, whih use
the urrent state as the only input parame-
ter.
In the following, the wood speimen's ur-
rent ondition or so-alled state is dened as a
point on an RH-MC graph z = {h,m}, sine m
is not uniquely dened by h. The feasible states
z lie in the domain Ωm, whih is bounded by
the adsorption and desorption boundary urves
ma(h) and md(h) (Figure 5b).
4 Uniqueness of the sanning
urves
A state z within the domain Ωm an be reahed
by either an adsorption path, Sa, or a desorp-
tion path, Sd, from the desorption or adsorption
boundary urve in states z0d and z
0
a, respetively
(Figure 5b). Supersript zero indiates the ini-
tial state.
The states z0d and z
0
a must be the only ori-
gins on the boundary urves that will lead to
state z by pure adsorption or desorption. This
may be realized by onsidering, for example,
a desorption sanning urve originating on the
adsorption boundary urve with perturbation
∆h from the original: z0a
′
= {h0a+∆h,ma(h0a+
∆h)}. In this initial state, more sorption sites
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will be ativated, and therefore the wood spe-
imen will be able to ontain more water and
hene follow another desorption path, S′d, to a
nal state of higher MC.
Thus, domain Ωm must be overed by an
innite number of desorption sanning urves
that do not interset. The same arguments hold
for the adsorption sanning urves.
Thus, the adsorption and desorption san-
ning urves originating from state z0 must be
uniquely dened by the state itself, sine it is
part of the adsorption or desorption sanning
urve traing through the state. This statement
of uniqueness is used to predit the paths of the
sanning urves.
5 Generalization for dierent sorp-
tion isotherms
To generalize the model to dierent speies and
temperatures, the domain Ωm is normalized by
transformation of the MC, m(h), to the param-
eter s(h):
s(h) =
m(h)−ma(h)
md(h)−ma(h) (3)
Thus, the speies-and temperature-
dependent boundary urves ma(h) and md(h)
are only impliitly inluded in the model
formulation.
The parameter s may also be interpreted
in a physial sense as the frational amount of
sorption sites exploited at the urrent RH.
This normalization involves transforming
the gray domain Ωm in Figure 5b to the 1 × 1
square shown in Figure 6b.
Figure 6a presents the boundary urves
and an adsorption sanning urve measured by
Ahlgren (1972). The same measurements of
the adsorption sanning urve are shown in the
normalized domain, together with the measure-
ments of desorption sanning urves by Peralta
(1995b), in Figure 6b.
At h → 0 and h → 1, the deviations of the
measurements appear larger, sine the denomi-
nator of s approahes zero (ma ≃ md).
desorptionboundary (Ahlgren 1965)
adsorption boundary (Ahlgren 1965)
0
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Figure 6 (a) Measurements of the boundary urves and
a single adsorption sanning urve by Ahlgren (1972).
(b) The same adsorption sanning urve and desorption
sanning urves (Peralta 1995a) in the s-spae.
6 The mathematial model
As observed in Figure 6b, the slope of the des-
orption sanning urves originating at the ad-
sorption boundary urve (s = 0) will approah
the desorption boundary urve (s = 1) asymp-
totially. Similar observations are made for the
adsorption sanning urves.
The properties of the desorption sanning
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urves may be formulated as:
h = h0a for s = 0 (4a)
∂s
∂h
→ 0− for s→ 1 (4b)
and the properties of the adsorption sanning
urves as:
h = h0d for s = 1 (5a)
∂s
∂h
→ 0− for s→ 0, (5b)
where the initial relative humidities on the des-
orption and adsorption boundary urve are de-
noted h0d and h
0
a, respetively.
One solution is the mathematial model in
Eqs. (6a)(6d), whih impliitly fullls these
requirements and implies that the sanning
urves are uniquely dened by their origins h0a
and h0d (Figure 5a):
s = −1 + 2
(
1−h
1−h0
d
)( d1
ln(d2(1−h
0
d
))
)
,h˙ > 0 ∧ s0 > 0
(6a)
s = 2− 2
(
h
h0a
)( d1
ln(d2 h
0
a)
)
, h˙ < 0 ∧ s0 < 1
(6b)
s = 0, h˙ > 0 ∧ s0 = 0
(6)
s = 1, h˙ < 0 ∧ s0 = 1,
(6d)
where d1 and d2 are shape parameters. Eqs.
(6a) and (6b) model the sanning urves dur-
ing adsorption (h˙ > 0) and during desorp-
tion (h˙ < 0), respetively. Eq. (6) simply
states that a state with origin on the adsorp-
tion boundary urve (s0 = 0) will follow the
adsorption boundary urve if adsorption is tak-
ing plae (h˙ > 0), and similarly for desorption
in Eq. (6d). h0a and h
0
d are determined h0 and
s0, and the onept is illustrated for an adsorp-
tion sanning urve in Figure 7.
Sine the sanning urves are known to trail
through the initial state z0 = {h0,m0}, the ex-
h,0
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Figure 7 Close-up of an arrow-marked sanning urve
in the m-spae and s-spae.
pressions for h0a and h
0
d an be obtained by solv-
ing (6a) and (6b) for h0a and h
0
d, respetively:
h0a = h0(d2h0)
q1
(7a)
h0d = 1− (1− h0)(d2(1− h0))q2 , (7b)
where
q1 = − ln(ln(2))− ln(ln(2− s0))
ln(ln(2))− ln(ln(2− s0))− d1 (8a)
q2 = − ln(ln(2))− ln(ln(1 + s0))
ln(ln(2))− ln(ln(1 + s0))− d1 . (8b)
Note the symmetry of the two sets of equations,
i.e., one set may be obtained from the other by
replaing h by 1− h and s by 1− s.
An alternative to the seond riterion for
s0 in (6a)-(6d), whih determines movements
along boundary or sanning urves, are riteria
based on h0a, h
0
d and h i.e., h0 < h
0
d, h0 > h
0
a,
h0 = h
0
d and h0 = h
0
a, respetively. How-
ever, here h0a and h
0
d must be determined before
hoie of the urve in (6a)-(6d).
By a reverse mapping, the result in the s-
spae an be obtained in the m-spae:
m(h) =
(
md(h)−ma(h)
)
s(h) +ma(h). (9)
This losed-form formulation of the sanning
urves easily provides an analytial expression
for the derivative and easy time integration in
a numerial method.
7 Fitting of the model
Simulations of the measurements of sanning
urves by Peralta and Ahlgren in the s-spae
are presented in Figure 8.
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Figure 8 Measurements by Peralta (1995b) and Ahlgren
(1972) plotted in the s-spae with simulations by Ped-
ersen's model and the new model.
From Figure 8 it is evident that the pro-
posed exploited sorption site model ts the
measurements slightly, but not signiantly
better than Pedersen's model. It should be
noted, however, that the shape parameters d1
and d2 in the new model are the same for both
sets of urves (Table 1), in ontrast to those of
Pedersen's model. This suggests that in the s-
spae the sanning urves for dierent speies
might be idential. However, further measure-
ments and experiments must be performed to
verify this hypothesis.
d1 d2
-1.32 0.88
Table 1 Sanning urve shape parameters applied to
yellow poplar and Norway sprue.
A simulation of Ahlgren's experiment is
transformed bak into the m-spae in Figure 9.
The small deviation observed in the s-spae in
Figure 8 is negligible in the m-spae in Figure
9.
In the simulation shown in Figure 9, the
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Figure 9 A simulation of the measurements by Ahlgren
(1972) starting at z = {0, 0}, followed by adsorption to
the ber saturation point, desorption to 43.9% RH, and
nally adsorption along a sanning urve to 95.3% RH.
following simple expression for the boundary
urves is used:
mα(h) =
h
fα1 + f
α
1 h+ f
α
1 h
2
, (10)
where α ∈ {a, d} designates either adsorption
or desorption. The shape parameters fαi are
given in Table 2.
α fα1 f
α
2 f
α
3
a 1.804 13.63 -12.12
d 1.886 7.884 -6.526
Table 2 Shape parameters of the boundary urve mea-
surements by Ahlgren (1972).
8 Examples
8.1 Example 1
Consider the sequene of hanges in RH h =
{0.30, 0.60, 0.35, 0.50}, with an initial MC of
0.0625 orresponding to a state on the adsorp-
tion boundary urve. This sequene is illus-
trated in the m-spae and s-spae in Figure 10.
The rst step from 30% to 60% RH is triv-
ial, sine this adsorption proess initiates on the
adsorption boundary urve. This is modeled by
Eq. (6).
50 Paper III  A hysteresis model suitable for numerial simulation of moisture ontent in wood
The seond step from 60% to 35% RH is a
primary desorption sanning urve, i.e., it ini-
tiates on the adsorption boundary urve with
s0 = 0 and h
0
a = h0. The sanning urve
is modeled by Eq. (6b). This step leads to
s = 0.745 and m = 0.0853.
The last step from 35% to 50% RH is a se-
ondary sanning urve and is modeled by (6a).
The point of origin on the desorption boundary
urve h0d of the sanning urve, traing through
the point (h0 = 0.35, s0 = 0.745), is determined
by Eqs. (7b) and (8b) as 0.296.
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Figure 10 Hystereti variation of moisture due to vari-
ation in RH in the example plotted in the m-spae and
s-spae.
8.2 Example 2
This example onerns variations in MC in a
thin wood sample exposed to RH osillations
around the set point in an on-o-ontrolled
limate hamber. In this example the wood
sample is assumed to be only a ouple of mil-
limeters thik, so diusion an be negleted and
equilibrium is obtained almost instantaneously.
The simulation is initiated at the adsorption
boundary urve at a set point of 60% RH and
the amplitude hosen for illustration is 5% RH.
The model then yields the MC variation shown
in Figure 11.
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Figure 11 Variation in MC exposed to an osillating
variation in RH.
As observed from Figure 11, the MC tends
toward the mean of the two boundary urves
orresponding to an s-value of 0.5. The reason
is found in Figure 8, where the sanning urves
are obviously steeper near their origin. This
provides a sliding eet towards s = 0.5.
The tendeny for an initial gradual moisture
inrease and stabilization at a given moisture
level during RH osillation has also been ob-
served in experiments by Fan et al. (1999) and
Chomarn and Skaar (1983).
9 Conlusions
The present paper proposes a sorption hystere-
sis model, whih has the following advantages:
• The sanning urves are modeled as losed-
form expressions depending only on the ur-
rent moisture ontent and relative humidity.
This makes the model muh more onvenient
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for implementation into a numerial method
suh as the nite element method.
• By normalization, the sanning urves of the
proposed method are modeled independently
of the isotherms. Thus, the method may be
applied to any speies, and variations in tem-
perature an easily be taken into aount.
Formulating the model independently of the
sorption isotherms for a given speies and tem-
perature, the two shape parameters of the
model seem to be independent of temperature
and speies. However, this hypothesis needs
veriation with more experimental data.
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Appendix A
The adsorption sanning urve is determined
from the integral (Figure 2):
ma =
∫ ha
0
∫ ha
0
w(h12, h21)dh21dh12. (11)
The slope of the adsorption boundary urve at
ha an be determined by dierentiation of Eq.
(11) with respet to the adsorption RH h12:
∂ma
∂h12
∣∣∣∣
h12=ha
=
∫ ha
0
w(ha, h21)dh21. (12)
This orresponds to the vertially hathed
ross-setional area of the w-funtion shown in
Figure 2. The slope of the adsorption boundary
urve ∂ma/∂h12 near the dry ondition, i.e., as
ha approahes zero, is non-zero for wood. Sine
the integration length [0 ha] in Eq. (12) goes
to zero as ha approahes zero, the w-funtion
must tend towards innity for the slope of the
adsorption boundary urve to be non-zero. A
similar singularity an be proven to exist at the
other aute-angled orner. These singularities
will ause problems in a numerial model.
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Abstrat
The equilibrium onentration of adsorbed water in ellulosi materials is dependent on the history
of the variations of vapor pressure in the ambient air, i.e., sorption hysteresis. Existing models
to desribe this phenomenon suh as the independent domain theory have numerial drawbaks
and/or imply aounting for the entire history variations of every material point. This paper
presents a sorption hysteresis model based on a state formulation and expressed in losed-form
solutions, whih makes it suitable for implementation into a numerial method.
1 Introdution
Cellulosi materials adsorb water from the am-
bient air by binding of the water moleules to
hydroxyl groups on ellulose. The amount of
adsorbed water is dependent on the relative hu-
midity of the air and on the amount of hydroxyl
groups available, whih again is dependent on
the variation of the relative humidity. Hene,
at a given relative humidity a ellulosi mate-
rial may ontain more or less water dependent
on the preeding path of the relative humid-
ity variations, see gure 2. During adsorption
the material swells and more hydroxyl groups
beome available for adsorption. Sine water
oupies the hydroxyl groups, hydrogen bonds
between the ellulose moleules are prevented
from re-establishment during desorption. Thus,
more hydroxyl groups are available during des-
orption than during adsorption. For an arbi-
trary variation of the relative humidity, more
or less hydroxyl groups may be available lead-
ing to onditions between pure adsorption and
pure desorption on so-alled sanning urves.
In gure 1 the terminology is presented by
the variation of relative humidity in the ambi-
ent air, h, and moisture ontent in wood, m
(=onentration of water /dry density of ellu-
losi material).
m
h
:desorption boundary curve
: primary scanning curve
: secondary scanning curve
10 bc cd
d
bc
d
cd
mfs
m
m
m
hhh
: adsorption
boundary curve
PSfrag replaements
A sorption
boundary urve
B sorption boundary urve
C ri ary sa ning urve
D ondary sa ning urve
Figure 1 The terminology of sorption hysteresis.
2 Existing models
A lassial approah for modeling sorption hys-
teresis is the independent domain model devel-
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Figure 2 Measurements of boundary and an adsorption
sanning urve in Norway Sprue (Ahlgren, 1972).
oped by Everett (1955), rened to require less
alibration measurements by Mualem (1974),
and applied to wood and paper by Peralta and
Bangi (1998) and Chatterjee et al. (1997), re-
spetively. The independent domain theory in-
volves ompliated aounting for a volume in-
tegral of a funtion over a varying 2D-domain
for eah point in a material to obtain the mois-
ture ontent. Additionally it impliitly involves
singularities of the funtion over the domain, as
shown in (Frandsen et al., 2007).
A simpler model by Pedersen (1990), stated
as a set of dierential equations, provides a
good alternative. Though, the dierential equa-
tion in h and m must be solved numerially in
the viinity of the atual state for eah step in
time.
3 The proposed model
The proposed sorption hysteresis model has the
following advantages:
• Formulated in terms of urrent state, thus
no aounting for the history of the relative
humidity variations is required.
• Formulated as losed-form expressions en-
abling easy time integration.
• Generalizes the sanning urves to be in-
dependent of the temperature dependent
boundary urves by a normalization .
3.1 Uniqueness of sanning urves
In (Frandsen et al., 2007) it is argued that ad-
sorption sanning urves originating at dier-
ent points will not interset and likewise for
the desorption sanning urves, see gure 3.
Hene, a state within the boundary urves are
uniquely dened by the origin of the sanning
urve leading to the state, i.e., z0a = {h0a,m0a}
and z0d = {h0d,m0d}, see gure 4.
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Figure 3 Grid of non-interseting adsorption sanning
urves and non-interseting desorption sanning urves.
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Figure 4 Denition of a state z from the sanning urves
origin states z0a and z
0
d .
3.2 Generalization of sanning urves
The expression for the sanning urves will be
stated in the normalized parameter s(h), whih
is the frational amount of exploited hydroxyl
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groups at the given relative humidity
s(h) =
m(h)−ma(h)
md(h)−ma(h) . (1)
Hereby the material-, speies- and temperature-
dependent boundary urves ma(h) and md(h)
are exluded from the expression for the san-
ning urves. In gures 5 and 6, some sanning
urves from the dierent measurements are pre-
sented in the 1 by 1 normalized domain.
3.3 The mathematial model
As seen in gures 5 and 6, the slope of the
desorption sanning urves originating at the
adsorption boundary urve (h = h0a, s = 0)
will approah the desorption boundary urve
(s = 1) asymptotially, i.e., ∂s/∂h → 0−.
Similar observations are made for the adsorp-
tion sanning urves originating at the desorp-
tion boundary urve (h = h0d, s = 1), i.e.,
∂s/∂h→ 0− for s→ 0.
The mathematial model in equation Eq.
(2) impliitly fullls these requirements and im-
plies the sanning urves to be uniquely dened
by their origins h0a and h
0
d, see gure 4
s(h) =

−1 + 2
(
1−h
1−h0
d
)( d1
ln(d2(1−h
0
d
))
)
h˙ > 0 ∧ s0 > 0
2− 2
(
h
h0a
)( d1
ln(d2h
0
a)
)
h˙ < 0 ∧ s0 < 1
0 h˙ > 0 ∧ s0 = 0
1 h˙ < 0 ∧ s0 = 1
(2)
where d1 and d2 are shape parameters. Equa-
tions (2a) and (2b) model the sanning urves
during adsorption (h˙ > 0) and during desorp-
tion (h˙ < 0), respetively. Equation (2) sim-
ply states that a state with origin on the ad-
sorption boundary urve (s = 0) will follow
the adsorption boundary urve if adsorption
is taking plae (h˙ > 0) and similarly for des-
orption in equation (2d). Sine the sanning
urves are known to trail through the initial
state z0 = {h0,m0}, the expressions for h0a and
h0d an be obtained by solving (2a) and (2b) for
h0a and h
0
d, respetively
h0a = h0(d2h0)
q1
(3a)
h0d = 1− (1− h0)(d2(1− h0))q2 , (3b)
where
q1 = − ln(ln(2))− ln(ln(2− s0))
ln(ln(2))− ln(ln(2− s0))− d1 (4a)
q2 = − ln(ln(2))− ln(ln(1 + s0))
ln(ln(2))− ln(ln(1 + s0))− d1 . (4b)
The result in terms of m(h) an be obtained
by the reverse mapping m(h) = (md(h) −
ma(h))s(h) +ma(h). An analytial expression
for the derivative for time integration into a nu-
merial method is also easily obtained.
4 Fitting of the model
In gures 5, 7 and 2, measurements of san-
ning urves for sorption in Yellow Poplar by
Peralta (1995) and Norway Sprue by Ahlgren
(1972) are simulated by the proposed model.
The sanning urves for sorption in a bleahed-
kraft paperboard measured by Chatterjee et al.
(1997) are simulated in gures 6 and 8. The
applied shape parameters d1 and d2 for wood
and paper are shown in table 1.
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Relativehumidity, h
PSfrag repla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Figure 5 Sanning urves from sorption in Norway
Sprue (Ahlgren, 1972) and Yellow Poplar (Peralta,
1995).
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Figure 6 Desorption sanning urves from sorption in
bleahed-kraft paperboard (Chatterjee et al., 1997).
In gures 5 and 6 at h→ 0 and at h→ 1, the
deviations of the measurements displayed with
s as a funtion of h appear larger, sine the
denominator of s approahes zero (ma ≈ md).
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Figure 7 Desorption sanning urves from sorption in
Yellow Poplar (Peralta, 1995).
Yellow poplar and Bleahed-kraft
Norway sprue paperboard
d1 -1.32 -1.28
d2 0.88 0.57
Table 1 Shape parameters of the sanning urves.
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Figure 8 Desorption sanning urves from sorption in
bleahed-kraft paperboard (Chatterjee et al., 1997).
5 Conlusion
The present paper proposes a sorption hystere-
sis model, whih oers advantages for imple-
mentation in a numerial method. Easy time
integration is obtained by expressing the san-
ning urves in losed-form solutions with the
urrent state as the only input parameter. Gen-
eral appliability is provided by exluding the
material, wood-speies and temperature depen-
dent boundary urves boundary urves from the
hysteresis sanning urves.
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Abstrat
In the ellular struture of wood, bound-water diusion and water-vapor diusion interat via sorp-
tion in a omplex moisture transportation system. At low relative humidities moisture-transport
may be modeled by a Fikian diusion equation with a good approximation. At higher relative
humidities, slow sorption and faster bound-water diusion ause eets, whih have been referred
to as non-Fikian or anomalous, as they annot be modeled by one Fikian diusion equation.
Previous researh has demonstrated that a set of oupled diusion equations, namely the multi-
Fikian model, an represent this behavior. The multi-Fikian model desribes the ombined
transport of bound water and vapor and their interation through sorption. The bound-water
onentration is also inuened by sorption hysteresis. In the worst ase sorption hysteresis may
result in deviations of up to 30-35% in moisture ontent. Hene, for a preise moisture ontent
omputation, sorption hysteresis must be taken into aount. The present paper explains the re-
lation between sorption hysteresis and multi-Fikian moisture transport, and laries how models
for the two phenomena are oupled. To illustrate the eets, a nite element simulation, whih is
based on the ombined model, is presented.
Key words: hysteresis, moisture transport, multi-Fikian, multi-phase, non-Fikian, sorption.
1 Introdution
When reep and mehanosorptive reep in wood
are alulated, an aurate estimation of mois-
ture ontent distribution is important to avoid
inauraies, beause even small hanges of the
moisture ontent may aelerate the reep on-
siderably.
This paper adresses modeling of moisture
ontent in wood and more speially the om-
bined eet of sorption hysteresis and the so-
alled non-Fikian eets. Both inuene the
moisture ontent in wood, but this aspet is
often negleted, as the ombined eet is un-
doumented.
In this paper, we desribe the basis and a
model that desribes both phenomena and their
interation. The ombined eet will be illus-
trated by simulations, whih relies on a nite
element model.
1.1 Multi-Fikian moisture transport
Moisture transport in wood below the ber sat-
uration point is a proess governed by diu-
sion of bound-water and water-vapor diusion
(Stamm, 1959) and the oupling between the
two phases of water, i.e., sorption.
A hange of vapor pressure in the am-
bient air results in diusion of water vapor
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into wood, sorption of bound-water and, on-
sequently, bound-water diusion. In Figure 1,
the time-dependent proesses of these phenom-
ena, i.e., diusion into wood in the two phases
and the sorption oupling, are shematially il-
lustrated. It is important to reognize that the
time dependeny on the sorption plays a signif-
iant role.
adsorption
sorption
J
cellwall
cell lumen
Jdiffusion,
diffusion, v
b
Figure 1 Various time-dependent proesses responsible
for moisture transport in the ellular struture of wood.
Jv and Jb are the water-vapor and bound-water uxes,
respetively.
At low relative humidities, bound-water
transport is a relatively slow proess and the
moisture transport in wood is governed by
water-vapor diusion and, subsequently, a rel-
atively fast sorption to bound water. When
evaluated against vapor diusion, bound-water
diusion and sorption an be negleted. There-
fore, moisture transport is ustomarily modeled
by a single Fikian equation desribing vapor
diusion.
At higher relative humidities, bound-water
diusion beomes more substantial and the
sorption rate dereases (Christensen, 1965;
Frandsen et al., 2007a). This ombined two-
phase diusion and sorption phenomenon has
harateristis whih annot be desribed by a
single diusion equation and has been referred
to as anomalous behavior (Crank and Park,
1951) and non-Fikian eets (Wadsö, 1994).
The phenomenon was reported by Crank
and Park (1951) for long polymers and Man-
delkern and Long (1951) for ellulose aetate.
Wadsö (1994) measured the bound-water up-
take in pine (Pinus silvestris) speimens of var-
ious thiknesses and diretions to the grain at
high relative humidity (RH) steps, i.e., at 54-
75% and 75-84% RH. The speimens were ex-
posed by humid air (limate hamber with a
salt solution, ventilated with an air veloity on
3 m s
−1
) on two aessible and symmetrially
oriented surfaes, and therefore it an be as-
sumed that the eets from the boundary layer
an be negleted (Rosen, 1978). The mass was
measured over time, from whih the frational
weight inrease was alulated by:
E(t) =
w(t)− w0
w∞ − w0 , (1)
where w0 and w∞ are the initial and nal
weight, respetively, and w(t) is the weight at
the time t. Measurements for two speimens
with dierent widths but idential diretion of
diusion from this experiment are presented in
Figure 2.
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Figure 2 Frational weight inrease, E, in pine spe-
imens over time normalized with respet to speimen
thikness a in the experiments by Wadsö (1994).
Obtaining the diusion oeients by t-
ting a Fikian model not only leads to moisture,
but also speimen-length dependent diusion
oeients. This is seen in Figure 2b, where
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the
√
t/a normalization of the axis of absissa
should result in idential urves for dierent
speimen lengths, even for moisture dependent
diusion oeients (Crank, 1967). A depen-
deny on length of the diusion oeients has
no physial motivation, and onsequently the
phenomenon annot be modeled by one Fik-
ian diusion equation.
Therefore, a new moisture transport model,
whih desribes the ombined bound-water and
water-vapor transport and their interation
through sorption, has been developed. The so-
lution of the oupled dierential equation set
of this model has gone from being analytial to
being numerial. This has allowed for inlusion
of more non-linear dependenies of, e.g., diu-
sion oeients, sorption isotherm and sorption
rate (Cunningham, 1994; Salin, 1996; Absetz
and Koponen, 1997; Krabbenhøft and Damk-
ilde, 2004). An overview of the development
of the model is provided by Frandsen et al.
(2007a). The authors also disuss and revise the
embedded sorption rate model, and addresses
the boundary onditions for the problem.
Parallel to this line of researh on multi-
Fikian models in wood, similar models have
been investigated for modeling moisture trans-
port in paper staks (Bandyopadhyay et al.,
2000; Massoquete et al., 2005; Nyman et al.,
2006).
1.2 Sorption hysteresis
Variation of the RH in the ambient air auses
variations of the moisture ontent (MC) in
wood. But a given RH does not uniquely dene
the equilibrium MC. The history of the varia-
tions must be taken into aount. This is il-
lustrated in Figure 3, where the dependeny on
MC, m, of a sequene of RH, h, variations is
shown. Furthermore, the terminology of sorp-
tion hysteresis is presented in Figure 3.
The explanation for the sorption hystere-
sis phenomenon is found in the hemial be-
havior and omplex struture of the wood ell
wall. The gluane hains of the ellulose within
the mirobrils are organised in rystalline and
m
h
desorptionboundary curve
primary scanning curve
secondary scanning curve
10
mfs
adsorption
boundary curve
0
Figure 3 Various boundary and sanning urves.
pararystalline regions. There are more in-
termoleular hydrogen bonds (bounds between
neighbor hains) in the former than in the lat-
ter. The non-partiipating hydroxyl groups are
also alled sorption sites, beause they have
great anity to water and are responsible for
sorption in wood (Avramidis, 1997).
Adsorption of water leads to swelling of the
ell wall and breaking of hydrogen bonds, and
thus more available sorption sites beome avail-
able. The hydrogen bonds are re-established
during desorption, but this proess is delayed,
beause water moleules now oupy the sorp-
tion sites. Hene, wood ontains more water at
a given RH during desorption than during ad-
sorption. For an arbitrary variation of the RH,
onditions in between pure adsorption and pure
desorption depending on availability of sorption
sites are obtained.
A lassial approah for modeling sorption
hysteresis is the independent domain model de-
veloped by Everett (1954, 1955). The model
was applied to wood by Peralta (1995b,a, 1996)
and improved by Peralta and Bangi (1998a,b).
The independent domain theory involves om-
pliations on aounting for ativated domains.
Moreover, it also has another major numerial
drawbak for wood and other materials with
isotherms, whih have an initial slope dierent
from zero, beause it impliitly involves singu-
larities in the funtion spanning over the inde-
pendent domain (Frandsen et al., 2007b).
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Another approah, whih involves numeri-
al solution of a partial dierential equation for
eah inrement forward in time, is provided by
Pedersen (1990). The dierent approahes are
disussed by Frandsen et al. (2007b). These
authors also presented a model suitable for nu-
merial simulations. This model is applied in
the present work and is desribed in the setion
"Sorption" below.
1.3 Interation of the phenomena
Both hysteresis and multi-phase moisture
transport obviously inuene the moisture on-
tent of wood. The multi-phase moisture trans-
port inuenes it in time and spae, and hys-
teresis provides the MC by the preeding RH
variations. The sorption takes plae inside the
wood speimen between air in the lumens and
the ell wall. For a point in a ell wall, the
inrease of MC along an adsorption sanning
urve in time an be illustrated, as in Figure 4.
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Figure 4 The inrease of MC, m, over time, t, along an
adsorption sanning urve, due to an inrease of RH, h.
Exposed to an inrease in RH from h0 to h2,
the MC will trae along the adsorption san-
ning urve to the equilibrium point (h2,t2,m2)
over time. Hene, the equilibrium MC, whih
inuenes the sorption rate, is governed by hys-
teresis.
The sorption rate, diusion of vapor and
bound water to the point determine the rate,
by whih the state moves along the sanning
urve. Here, the two diusion proesses inu-
enes the initial state and the set-point of the
sorption proess and, hereby, also the rate the
state moves along the sanning urve.
In the following, a mathematial and phys-
ial model for these relations is presented.
2 Modeling of the diusion pro-
esses
The bound-water and water-vapor diusion is
modeled by the two oupled diusion equations:
∂cb
∂t
=∇ · (Db∇cb) + c˙ (2)
∂cv
∂t
=∇ · (Dv∇cv)− c˙, (3)
where cb and cv are the onentration of water
in the bound-water and water-vapor phases, re-
spetively, with the dry volume of wood as a
referene. The matries Db and Dv ontain
the diusion oeients for the dierent mate-
rial diretions in the diagonal. ∇ is the spatial
gradient operator. c˙ is the sorption rate, and
within the time interval dt, the amount of wa-
ter vapor adsorbed to bound water is c˙ dt.
Eq. (3) may be based on partial vapor pres-
sure in preferene to onentration via the ideal
gas law (Frandsen et al., 2007a):
∂
∂t
(
pv
ϕM
H
2
O
RT
)
=∇ ·
(
Dv∇
(
pv
ϕMH2O
RT
))
− c˙,
(4)
where R is the universal gas onstant
(J mol
−1
K
−1
), T is the temperature (K), ϕ is
the porosity and M
H2O
is the molar mass of
water (kg mol
−1
).
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2.1 Diusion oeients
Diusion in the ell walls an be determined by
the expression in Skaar and Siau (1981):
Db = D0 exp
(−Eb
RT
)
, (5)
where Eb is the ativation energy for bound-
water diusion (J mol
−1
). The diagonal ompo-
nents of the matrix D0, i.e., D
0
TT and D
0
LL are
equal to 7×10−6m2s−1 and 17.5×10−6m2s−1,
respetively (Siau 1995). The ativation energy
may be approximated by the linear expression
Eb = (38.5 − 29m) × 103Jmol−1 (Siau, 1995),
where m = cb/ρ0 is the MC and ρ0 is the dry
density of wood.
Diusion in the ell lumens is assumed to
be idential to diusion in stagnant air, though
ompensated for by the resistane at the narrow
passages of the pits and geometry of the lumens.
Diusion of water vapor in bulk air is estimated
by the empirial expression by Shirmer (1938):
Dv = ξ
(
2.31× 10−5 patm
p
atm
+ pv
(
T
273K
)1.81)
︸ ︷︷ ︸
Shirmer
,
(6)
where p
atm
is the atmospheri pressure and pv
is the partial vapor pressure. The matrix ξ
ontains the estimated redution fators due to
hindrane of the diusion in the ellular stru-
ture for the dierent diretions in the diagonal.
2.2 Boundary Conditions
The water vapor is diusing through a bound-
ary layer of stagnant and slower moving air at
the wood surfae. The ux vetor of vapor Jv
perpendiular to the surfae, with the normal
vetor n, n · Jv is driven by the dierene in
partial vapor pressure at the surfae psv and in
the ambient air pav
n · Jv = kv(psv − pav) (7)
where kv is the mass transfer oeient of the
boundary layer. At higher air veloities, the re-
sistane from this layer may be assumed to be
negligible and the partial vapor pressure at the
surfae is assumed to be idential to the par-
tial vapor pressure in the ambient air (Frandsen
et al., 2007a):
psv = p
a
v. (8)
Additional bound water an only be added
to the system by adsorption. Sine bound water
is restrited to wood, it is obviously not moving
through the surfae (Frandsen et al., 2007a):
n · Jb = 0. (9)
3 Modeling of sorption
Sorption is a phase hange between water va-
por and bound water, whih ours when the
driving potential in the two phases are not in
equilibrium. The driving potentials are water-
vapor pressure pv and bound-water onentra-
tion cb. Comparison requires onversion to the
same basis (pressure or onentration) through
the hysteri sorption isotherm, whih represents
equilibrium.
A key point for implementation of sorp-
tion hysteresis into a multi-Fikian model is
aounting for hysteresis in all the material
points. In the applied model hysteresis an
be aounted for by storing the ondition of
wood as a state variable {pvw, cb} in the hys-
teresis spae (Figure 5). For example, similar
aounting would in the independent domain
model (Everett, 1954) would require storing an
independent domain for eah material point.
The state {pvw, cb} only desribes the ondi-
tion of wood and do not relate to the vapor pres-
sure in the lumens, pv. To investigate if equilib-
rium is obtained pv and pvw an be ompared.
Alternatively, the bound-water onentration cb
an be ompared to the bound-water onentra-
tion in equilibrium with the vapor pressure, pv,
whih will be denoted cbl (Figure 5).
It is beyond the sope of this paper to deter-
mine, whih of the two mentioned approahes
for determining equilibrium, i.e., omparing
pressures or onentrations, is the better. The
objet is to open the opportunity for applia-
tion of hysteresis with both approahes.
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Figure 5 The relation between the dierent state vari-
ables through sorption hysteresis equilibrium path.
The sorption rate models of two dierent ap-
proahes, the hosen hysteresis model and their
implementation into a multi-Fikian model are
presented in the following setions.
3.1 Sorption rate
Sorption eases at equilibrium, and therefore
the sorption rate should go towards zero as
equilibrium is approahed. The sorption rate
an therefore be desribed as a dierene be-
tween the ondition of the air in the lumens
and the ondition of the wood.
In the rst approah with bound-water on-
entration as a referene, the sorption rate an
be modeled by (Frandsen, 2005):
c˙ =
∂c
sorp
∂t
= Hc(cbl − cb). (10)
The sorption rate funtion, Hc, has a steep
drop as equilibrium is approahed for higher rel-
ative humidities as seen in (Christensen 1965).
Compared to the measurements by Wadsö
(1994) reasonable results have been obtained in
(Frandsen, 2005) by:
Hc =

C1 exp
(
−C2
(
cb
cbl
)C3)
+ C4 cb < cbl
C1 exp
(
−C2
(
2− cbcbl
)C3)
+ C4 cb > cbl
(11)
for adsorption (cb < cbl) and desorption (cb >
cbl).
In the seond approah with pressure as a
referene, the sorption rate an be modeled by
a similar expression (Frandsen et al., 2007a):
c˙ =
∂c
sorp
∂t
= Hp(pv − pvw). (12)
The sorption rate funtion, Hp, has a simi-
lar steep drop as equilibrium is approahed for
higher relative humidities, and an expression
analogous to Eq. (10) an be applied for mod-
eling this (Frandsen et al., 2007a):
Hp =

C1 exp
(
−C2
(
pvw
pv
)C3)
+ C4 pvw < pv
C1 exp
(
−C2
(
2− pvwpv
)C3)
+ C4 pvw > pv
(13)
for adsorption (pvw<pv) and desorption (pvw >
pv).
The variation of the shape parameters Ci
with RH is disussed in (Frandsen et al., 2007a)
and ompared with measurements of sorption in
thin speimens of klinki pine (Arauaria Klinkii
lauterb.) at 40°C by Christensen (1965). The
variation of the parameter C2 an be modeled
with the expression (Frandsen et al. 2007b):
C2(h) = c21 exp(c22h) (14)
where the shape c21 and c22 are given in Table
1.
3.2 Sorption hysteresis
A hysteresis model provides the equilibrium
path along whih the moisture ondition of
wood moves. The moisture ondition is gener-
ally provided in terms of MC, m, as a funtion
of the RH, h, variations. These two measures
are normalized quantities of bound-water on-
entration and vapor pressure with respet to
dry density, ρ0, and saturated vapor pressure,
ps, respetively:
m =
c
ρ0
, h =
p
ps
(15)
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where c is bound-water onentration and p is
vapor pressure. Note that the subsripts b, bl,
v and vw have been omitted for generalization,
sine the onversion through the equilibrium
path is independent of the medium, i.e., ell
wall or air (Figure 5).
The hosen hysteresis model is derived in
Frandsen et al. (2007b) and ondensed in the
following setion. The model has the advan-
tage that the sanning urves are given by
losed-form expressions using the urrent state
z0 = {h0,m0} as the only input. Thus, a-
ounting for the entire RH history or storing an-
other memory variable is avoided. The model
an be applied to dierent speies, and varia-
tions in temperature are relatively easy to take
into aount.
The generalization is obtained by expressing
the model for the sanning urves in terms of a
normalized the MC, s(h):
s(h) =
m(h)−ma(h)
md(h)−ma(h) . (16)
Hereby, the speies and temperature-dependent
boundary urves ma(h) and md(h) are only im-
pliitly inluded in the model formulation.
The parameter, s, may also be interpreted
in a physial sense as the frational amount of
sorption sites exploited at the urrent RH. The
normalization implies the gray domain in Fig-
ure 6 for the sanning urves to be mapped into
a 1× 1 square.
Frandsen et al. (2007b) argued that the
sanning urves are uniquely dened by their
origin on one of the boundary urves (Figure
6).
Thus, the sanning urves an be expli-
itly formulated in terms of their origin on the
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Figure 6 Predition of the sanning urves from the ur-
rent state z0, and the origins of the sanning urves, z0a
and z0d.
boundary urves:
s(h) =

−1 + 2
(
1−h
1−h0
d
)( d1
ln(d2(1−h
0
d
))
)
h˙ > 0 ∧ s0 > 0
2− 2
(
h
h0a
)( d1
ln(d2h
0
a)
)
h˙ < 0 ∧ s0 < 1
0 h˙ > 0 ∧ s0 = 0
1 h˙ < 0 ∧ s0 = 1
(17)
where d1 and d2 are shape parameters. Eqs.
(17a) and (17b) model the sanning urves dur-
ing adsorption (h˙ > 0) and during desorp-
tion (h˙ < 0), respetively. (17) simply ex-
presses that a state with origin on the adsorp-
tion boundary urve (s0 = 0) will follow the
adsorption boundary urve if adsorption is tak-
ing plae (h˙ > 0) and similarly for desorption
in Eq. (17d). h0a and h
0
d are the RH at the ori-
gin of the desorption and adsorption sanning
urve, respetively (Figure 6).
Beause the sanning urves are known to
trail through the urrent state z0 = {h0,m0},
expressions for h0a and h
0
d an be obtained by
solving Eq. (17a) and (17b) for h0a and h
0
d, re-
spetively, where h = h0 and s = s0:
h0a = h0(d2h0)
q1
(18)
h0d = 1− (1− h0)(d2(1 − h0))q2 , (19)
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where
q1 = − ln(ln(2))− ln(ln(2− s0))
ln(ln(2))− ln(ln(2− s0))− d1 (20)
q2 = − ln(ln(2))− ln(ln(1 + s0))
ln(ln(2))− ln(ln(1 + s0))− d1 . (21)
As seen from Eq. (17)-(21), the only input
parameter to the model is the urrent state
z0 = {h0,m0}.
From Eq. (15) and (16) the bound-water
onentration on the equilibrium path may be
expressed as a funtion of vapor pressure:
c(h) = ρ0 (s(h) (md(h)−ma(h)) +ma(h)) ,
(22)
where h is p/ps and s is determined from Eqs.
(17)-(21).
4 Implementation of sorption hys-
teresis
In the following setion, the two approahes for
modeling sorption rate by the hysteresis model
are implemented into the multi-Fikian model.
The rst onentration based approah has
the governing Eqs.: (2), (4) and (10). The in-
dependent variables of the equation system are
cb and pv. The variable cbl in Eq. (10), de-
pends on pv through the equilibrium path and is
therefore replaed by applying Eq. (22), whih
beomes:
cbl(h) = ρ0 (s(h) (md(h)−ma(h)) +ma(h)) ,
(23)
where h is pv/ps and s is determined from Eq.
(17)-(21). This substitution enables solution of
Eq. (2), (4) and (10) with respet to cb and pv.
The seond pressure based approah has the
governing Eqs.: (2), (4) and (12). The indepen-
dent variables of the equation system are cb and
pv. However, here the dependent variable pvw
annot be replaed by the orresponding inde-
pendent variable cb by use of Eq. (21), sine
Eqs. (16)-(20) annot be inverted, suh that
bound-water onentration beomes a funtion
of vapor pressure cb(pvw).
The solution to the problem is to perform a
shift from cb to pvw as an independent variable
in Eq. (2) by applying the hain rule:
∂cb
∂pvw
∂pvw
∂t
=∇ ·
(
Db
∂cb
∂pvw
∇pvw
)
+ c˙, (24)
where the fration ∂cb/∂pvw = Cvw is a RH de-
pendent apaity orresponding to e.g. heat a-
paity in a heat transfer problem. For a onsis-
tent and simple notation the term Db∂cb/∂pvw
is replaed by a diusion oeient namedDvw
and Eq. (24) beomes:
Cvw
∂pvw
∂t
=∇ · (Dvw∇pvw) + c˙. (25)
The fration ∂cb/∂pvw an be alulated from
Eq. (22):
∂cb(h)
∂pv
=
∂h
∂pv
∂cb
∂h
=
1
ps
∂cb
∂h
, (26)
where
∂cb
∂h
=ρ0
(
s
(
∂md
∂h
− ∂ma
∂h
)
+
∂s
∂h
(md −ma) + ∂ma
∂h
)
(27)
∂s
∂h
=


−ga2
gad1 ln(2)
ln(d2(1−h0d))(1−h)
h˙ > 0 ∧ s0 > 0
0 h˙ > 0 ∧ s0 = 0
−gd2
gdd1 ln(2)
ln(d2h0a)h
h˙ < 0 ∧ s0 < 1
0 h˙ < 0 ∧ s0 = 1
(28)
where
ga =
(
1− h
1− h0d
)( d1
ln(d2(1−h
0
d
))
)
(29)
gd=
(
h
h0a
)( d1
ln(d2h
0
a)
)
. (30)
Any expression for the boundary urves,
whih is dierentiable with h at least one, an
be applied. Here the Hailwood-Horrobin sorp-
tion isotherm is hosen:
mα(h) =
h
fα1 + f
α
2 h+ f
α
3 h
2
, (31)
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where α ∈ {a, d} designates either adsorp-
tion or desorption and fαi are shape parame-
ters. Dierentiating Eq. (31) with respet to h
yields:
∂mα
∂h
=
fα1 − fα3 h2
(fα1 + f
α
2 h+ f
α
3 h
2)
2 . (32)
5 Simulations
To illustrate the eet of the ombined model,
two simulations of a speimen of wood exposed
to a series of hanges in RH are presented in
the following setion.
Both approahes have been suessfully im-
plemented into the ommerial software Comsol
Multiphysis
TM
, but in the following only sim-
ulations with the vapor pressure based sorption
rate approah are presented.
The material data for the multi-Fikian
model have been obtained in Frandsen et al.
(2007a) from experiments on pine at 23°C by
Wadsö (1994). The material parameters of the
sorption rate model in Eq. (13) are shown in
Table 1. The redution fator for diusion of
vapor in the ellular struture in the tangen-
tial diretion ξT in Eq. (6) is 0.03, and the dry
density ρ0 is 500 kgm
−3
.
c1 c21 c22 c3 c4
2.6× 10−6 5.22× 10−6 19.0 50 8.0× 10−8
Table 1 Sorption rate onstants (Frandsen et al., 2007a).
The shape parameters for the boundary
urves in Eq. (31) are obtained from the mea-
surements on pine at 20°C by Ahlgren (1972)
are shown in Table 2. The shape parameters for
the sanning urves are obtained from Ahlgren
(1972) also to and d1 = −0.7 and d2 = 1.0.
α fα1 f
α
2 f
α
3
a 0.947 15.93 -13.58
d 0.533 11.41 -8.725
Table 2 The shape parameters of the Hailwood-
Horrobin isotherm alibrated to the measurements on
pine at 20°C by Ahlgren (1972).
The speimen and setup are hosen to be
idential to one of those in the experiment by
Wadsö (1994). The 16.2 mm wide speimen is
exposed on two adjaent tangential surfaes and
insulated on the remaining surfaes (Figure 7).
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Figure 7 The setup of the speimen with the width,
W=16.2 mm, used in the simulations.
5.1 Comparison with experimental data
In this simulation the model is ompared with
experiments to evaluate its ability to reprodue
the observations. The RH is varied in three
sequenes:
1 adsorption boundary: 21%, 54%, 75%, 84%,
96%, 100% RH,
2 desorption boundary: 100%, 95%, 90%, 80%,
65%, 43% RH,
3 adsorption sanning: 43%, 65%, 86%, 95%
RH,
whih are similar to the measurements by
Ahlgren (1972) exept from the two steps 54-
75% and 75-84% on the adsorption boundary
urve, whih orrespond to the experiments by
Wadsö (1994). For eah step, equilibrium is
ensured before initiation of the next, whih
also orresponds to the experiment by Ahlgren
(1972). This implies that all points in the entire
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speimen trae along the same sanning urves,
however, not simultaneously.
In Figure 8, the variation of MC aused by
the RH sequene is shown together with the
measurements by Ahlgren (1972). The model
reprodues the measured hysteresis eet su-
essfully.
The frational weight inrease for eah of
the RH steps in the three sequenes is shown
in Figures 9a, b, , respetively. In Figure 9a
the measurements by Wadsö (1994) shown in
Figure 2 are also displayed.
The simulated frational weight inreases
are based on the sorption isotherm measured
by Ahlgren (1972) and are shown in Figure 8.
As this isotherm deviates from that of the spe-
imen used by Wadsö (1994) the measured fra-
tional weight inreases in Figure 9a dier to
some extent.
5.2 Variations before equilibrium
This simulation illustrates the eet of a varia-
tion of RH at the boundary before equilibrium
is obtained at the internal material points.
From equilibrium on the adsorption bound-
ary urve at 30% RH, the RH at the boundary is
inreased to 95% in two days and subsequently
lowered and kept at 30% for three days.
Within the rst RH step, all points in the
speimen approah, but do not reah equilib-
rium. For illustrational purposes, the three
points in the speimen shown in Figure 7 are
observed. In Figures 10 and 11, the variation
in the MC as a funtion of RH and time from
this simulation are shown.
With the stepwise inrease in RH, adsorp-
tion proesses along the adsorption boundary
urve takes plae at all three points. As the
boundary ondition is hanged before equilib-
rium is obtained, the three points observed have
a dierent state in the hysteresis spae. As ob-
served in Figure 10, this results in individual
sanning urves in the hysteresis spae.
At two of the points, desorption pro-
esses initiate almost immediately with the new
boundary ondition of a 30% RH. However, at
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Figure 9 The simulated frational weight inrease with
time for relative humidity steps along the (a) adsorption
boundary urve, (b) desorption boundary urve and ()
adsorption sanning urve, respetively. The triangles
in (a) represents the measurements by Wadsö (1994)
(speimen width = 16.2 mm).
the third point the higher MC in the layers be-
tween the seond and the third point results in
ontinued moisture transport inwards for about
half a day more. Subsequent desorption along
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Figure 8 Variation of MC due to the RH sequene in the text ompared with the
measurements by Ahlgren (1972).
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Figure 10 Individual equilibrium paths of the three
points due to hysteresis.
a sanning urve takes plae here as well.
It should be noted that the MC after 3 days
of drying does not reah equilibrium at 30%
RH. This entrapment of moisture is partly due
to the non-linear diusion oeient in Eq. (5).
The diusion oeient dereases with the MC,
leaving the outer dryer layers less permeable.
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Figure 11 The variation of MC over time.
6 Conlusions
Whereas the multi-Fikian model desribes the
spatial variation, and transportation of bound
water and water vapor, sorption hysteresis de-
nes the interation and equilibrium between
the two phases. The present paper explains this
interation and provides a mathematial model
to desribe the interation.
An essential part of the model is denition
of the moisture ondition in wood as a state
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in preferene to MC alone. This onsideration
allows a simple aounting for hysteresis eet
at the individual points of the material. Fur-
thermore, together with a similar state for the
ondition of the air in the lumens, it is used to
desribe sorption rate and hysteresis in terms
of independent variables.
The sorption rate an be formulated in
terms of vapor pressures or bound-water on-
entrations. Both approahes allow imple-
mentation of sorption hysteresis into a multi-
Fikian moisture transport model. The imple-
mentation of a hysteresis model for both ap-
proahes is presented and tested in a nite el-
ement program. To illustrate the ombined ef-
fet of the sorption hysteresis and multi phase
moisture transport, simulations from one of
these implementations are presented onlu-
sively.
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Abstrat
Moisture transport in strutural wood ours in two phases, i.e., bound-water and water-vapor
diusion. The two phases interat by sorption in the transport proess. The sorption between
the two phases slows down at higher relative humidities and is hystereti. Thus, the equilibrium
bound-water onentration depends on the previous variations of vapor pressure. These interating
phenomena have been modeled by a oupled multi-Fikian moisture transport model, where the
oupling onsists of a sorption hysteresis model. This paper disusses the temperature dependeny
of these phenomena. The multi-Fikian moisture transport model ouples to the heat transport by
the so-alled Soret and Dufour eet. However, in the onsidered system, the eets are inuened
by transport of mass in multiple phases. The temperature dependeny of sorption hysteresis model
is inluded by utilizing independent formulation of the sanning urves. Thus, the temperature
dependeny of the sorption boundary urves is readily inluded.
Key words: Dufour eet, heat transport, hysteresis, moisture transport, multi-Fikian, Soret
eet, sorption, temperature dependeny.
1 Introdution
Moisture transport in strutural wood an with
a good approximation be modeled as oupled
bound-water and water-vapor diusion due to
the absene of the onvetion aused by higher
pressures and temperatures. Convetion of
gases and liquids should on the other hand be
taken into onsideration in modeling of kiln dry-
ing of wood, impregnation of wood with liquid
preservatives, or impregnation of wood hips
with pulping hemials (Siau, 1984).
In the ombined moisture transport system
of bound-water and water-vapor diusion, the
latter is the more signiant. At higher rel-
ative humidities the ontribution from bound-
water diusion beomes more signiant, and
the rate of sorption between bound water and
water vapor dereases signiantly and auses
the so-alled non-Fikian eets (Wadsö, 1994;
Frandsen et al., 2007a). However, multi-Fikian
eets would be a more appropriate term for
this phenomenon observed, sine models with
multiple Fikian diusion equations and slow
sorption have been shown to model it (Cun-
ningham, 1994; Salin, 1996; Absetz and Kopo-
nen, 1997; Krabbenhøft and Damkilde, 2004;
Frandsen et al., 2007a).
In these artiles the sorption isotherm was
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assumed to be either linear or in the best ase
a one-to-one S-shaped funtion, whih uniquely
denes the moisture ontent in wood by the
urrent relative humidity. However, the sorp-
tion phenomenon in wood as well as some other
materials (e.g. paper, soil and onrete) is hys-
tereti. In Frandsen et al. (2007b) sorption hys-
teresis models applied to wood are reviewed,
and a new hysteresis model suitable for im-
plementation into numerial methods is given.
The interation of sorption hysteresis and the
multi-Fikian moisture transport is desribed in
(Frandsen and Svensson, 2007) and two dier-
ent approahes for implementing the hysteresis
model into a multi-Fikian model are presented.
In the researh mentioned, temperature
variations were disregarded, although temper-
ature inuenes both moisture transport and
sorption hysteresis.
The inuenes of a spatially varying tem-
perature eld on moisture transport have been
investigated experimentally by Choong (1963);
Siau et al. (1986); Avramidis et al. (1987);
Avramidis and Siau (1987) among others. The
experiments showed the so-alled Soret eet,
i.e., the moisture diuses from warmer to older
regions, i.e., along the imposed temperature
gradient. Models to desribe this phenomenon
were proposed by Briggs (1967); Skaar and Siau
(1981); Siau (1982); Nelson (1986, 1991), and
the various models were reviewed in (Siau and
Avramidis, 1993; Siau, 1995). The models are
based on either ativated bound water or free
energy, but without taking aount of the va-
por diusion and internal sorption. Numerial
onsiderations for implementation of the model
by Skaar and Siau (1981) in FEM are desribed
in (Eriksson et al., 2006), and most reently
also by a neural network in (Avramidis and Wu,
2007).
The temperature inuenes the moisture
transport, but onversely the diusion of
moleules with a given enthalpy does also result
in transport of energy. The moisture transport
will therefore inuene the temperature eld as
well, and a full oupled equation system must
be invoked.
Whitaker (1977, 1998) proposed a theory for
oupled heat, mass, and momentum transfer in
porous media under the assumption of a rigid
indeformable matrix. Previously, this formula-
tion has been applied for modeling kiln drying
of wood by Perré et al. (1990; 1996; 1999).
In the following, the theory by Whitaker
(1977, 1998) is applied to modeling moisture
transport in strutural wood. Hene, absene
of liquid water is assumed and onvetion is ne-
gleted, whereas transport of bound water has
been inluded. Thus, for an isothermal ase
the model onurs with that derived in (Frand-
sen et al., 2007a; Frandsen and Svensson, 2007).
Furthermore, in the proposed formulation, a
hystereti sorption model is applied. To in-
lude temperature variations the model derived
in (Frandsen et al., 2007b) is applied.
Temperature dependeny of hysteresis has,
to the author's knowledge, never been expliitly
experimentally investigated. The temperature
dependeny of the boundary urves has, how-
ever, been investigated by a number of authors.
The desorption boundary urve of sitka sprue
(Piea sithensis) was measured at several tem-
peratures by Hawley (1931), here ited from
(Kollmann and Cté, 1968). Babiak (1990) al-
ibrated the Anderson-MCarthy model to data
from an unknown speies at 21.1°C, 35.0°C,
43.3°C, 51.6°C and 71.1°C from data in the
USDA Wood Handbook (1974). Choong (1963)
measured both boundary urves of Western r
(Abies nobilis) at 25°C, 32.2°C, 40°C and 50°C.
In Figure 1 measurements by Kelsey (1956) of
klinki pine's (Arauaria hunsteinii) adsorption
and desorption boundary urves at 10°C, 25°C,
40°C and 55°C are shown.
Now the question regarding the temperature
dependeny of the sanning urves remains. On
this topi very sparse experimental data exist.
However, it was observed in (Frandsen et al.,
2007b) that the normalized shape of the san-
ning urves (explained further below) of yellow
poplar (Liriodendron tulipifera L.) at 30°C and
Norway sprue (Piea abies) at 20°C was quite
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Figure 1 Measurements of the sorption boundary urves at dierent temperatures by Kelsey (1956) and alibrations
of the Anderson-MCarthy model to them.
similar. However, in (Frandsen and Svensson,
2007) the sanning urve for Sots pine at 20°C
deviated slightly from the sanning urve of the
two other measurements. Sine no measure-
ments for the same speies at dierent temper-
atures are available no onlusions on the tem-
perature dependeny of the sanning urves an
be made.
In the present paper, a oupled heat and
multi-Fikian moisture transport model with
hysteresis is derived. The temperature depen-
deny of the oupled heat and multi-Fikian
transport model is disussed initially in se-
tion 2. Here the heat and mass onservation
equations ontaining oupling sorption terms
and onstitutive models desribing the Soret ef-
fet are derived. Next, the temperature depen-
deny of the inorporated hysteresis model is
disussed in setion 3.
2 Temperature dependeny of
multi-Fikian moisture transport
In this setion the mass and energy onserva-
tion equations are initially stated. These are
supplemented with material spei onstitu-
tive equations for the mass and heat uxes in
wood. The two sets of equations are ombined
to yield the governing equations for heat and
mass transfer ontaining oupling hystereti
sorption terms.
2.1 Conservation equations
Mass transport is here simplied to inlude the
transport of the bound-water and water-vapor
phases. For this system, the following mass bal-
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ane equations an be stated:
∂cb
∂t
+∇ · Jb = c˙ (1a)
∂cv
∂t
+∇ · Jv = −c˙ (1b)
where cb and cv are the onentration of bound
water and water vapor (kg/m
3
), respetively, Jb
and Jv are the orresponding uxes (kg/m
2
s),
and c˙ is the sorption rate (kg/m3s). All onen-
trations are related to the dry volume of wood.
The energy onservation equation are stated
as the aumulated energy equalizing the neg-
ative loss from transport of energy by ondu-
tion as well as transport of mass of phase α with
a given enthalpy hα (J/kg):
∂
∂t
(hbcb + hvcv + h0ρ0)︸ ︷︷ ︸
aumulation
=
−∇ · (hbJb + hvJv)︸ ︷︷ ︸
diusion
− ∇ · JH︸ ︷︷ ︸
ondution
,
(2)
where h0 and ρ0 are the enthalpy and density
of dry wood (kg/m
3
), respetively.
2.2 Constitutive relations
In the following diusion kinetis are applied
to derive a onstitutive model, whih takes the
temperature dependeny of bound-water diu-
sion into onsideration. Furthermore, a onsti-
tutive model for the temperature dependeny
of water vapor is proposed.
Bound-water diusion
The ause for xation, i.e., bonding of a wa-
ter moleule to a sorption site is that the
moleule experienes a minimum of potential
energy, i.e., a stable state. The moleule osil-
lates about the sorption site with a mean energy
of 3kB T , where kB is Boltzmann's onstant
(1.38×10−23 J/atomK). By ontinually our-
ring ollisions kineti energy is transferred be-
tween the water moleules. If a moleule gains
suient kineti energy to exeed the potential
energy of the bond, the moleule will diuse
from the site and is said to be ativated. Thus,
the kineti energy required to exeed this po-
tential barrier is alled the ativation energy eb
(J/atom)(Figure 2).
cellulosechain(s)
A
e
B
b
x0
oscillating water molecules
sorption sites
x
Figure 2 Osillating water moleules bound at sorption
sites A and B.
The probability for this ourrene is deter-
mined from Boltzmann's distribution as:
P = exp
(
− eb
kB T
)
, (3)
where T is the temperature (K). The number of
average number of bound-water moleules leav-
ing the site A, the so-alled ativated moleules
n˜Ab , an now be determined from this proba-
bility and the total number of water moleules
as:
n˜Ab = n
A
b P, (4)
and the number of moleules leaving the site
per seond is:
jAb = n˜
A
b f. (5)
where f is frequeny of the osillation. At an
adjaent site B, jBb water moleules leave per
seond and the net exhange of moleules be-
tween site A and B beomes:
jA→Bb = −(n˜Bb − n˜Ab )f Pd, (6)
where Pd is the probability for the moleule to
move in the speied diretion. Pd = 1/6 for
sites organized in a grid in an isotropi mate-
rial, sine the moleules an diuse in 6 dier-
ent diretions in three dimensions (Ashby and
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Jones, 2005). For an orthotropi material, Pd
varies with the material diretion. However, for
simpliity the following derivation is kept one-
dimensional.
Before abstrating this to a ontinuum aver-
aged desription, note that the probability for
a water moleule to leave a site inreases with
the temperature. So even if an equal amount of
moleules ours at two adjaent sites, there is
a higher probability for water moleules to leave
the warmer. Thus, moleules must be expeted
to shift from warmer to older sites.
Now, onsider a small volume x0A0 with an
amount of sorption sites with an average num-
ber of bound-water moleules bounded at eah
site nb (Figure 3). In this volume the onen-
tration of bound-water moleules is:
cb =
nbNAMH2O
x0A0
, (7)
where NA is Avogadro's number (6.0221 ×
1023 atoms/mol) and M
H2O
is the molar mass
of water (18.02× 10−3 kg/mol).
A A
x0 x0
A0 0 0
PSfrag replaements
jA→Bb
Figure 3 Flux between two small volumes onning an
amount of sorption sites.
Likewise, the possibility for exeeding the
ativation energy is expressed in measurable
quantities by:
P = exp
(
− NAeb
NAkB T
)
= exp
(
− Eb
RT
)
, (8)
where Eb = NAeb (J/mol) and R is the univer-
sal gas onstant (8.314 J/molK).
The onentration of ativated bound-water
moleules an then be determined by isolating
nb in Eq. (7) and inserting into Eq. (4):
c˜b = cb exp
(
− Eb
RT
)
. (9)
The mass ux to an adjaent volume Jb
through the surfae A0 is A0NAMH2O j
A→B
b .
By letting the thikness of the volume in the
diretion of the ux x0 onverge to zero and by
using Eqs. (6) and (7) one gets:
Jb = NAMH2Ox0 lim
x0→0+
(
jA→Bb
x0
)
= −f x20Pd
dc˜b
dx
.
(10)
The term f x20Pd is signied D
0
b and varies for
dierent material diretions in wood (D0b (T ) :
D0b (L) ≃ 1 : 2.5 (Siau, 1995)).
For the non-isothermal ase dc˜b/dx an be
expanded to:
dc˜b
dx
=
∂c˜b
∂cb
∂cb
∂x
+
∂c˜b
∂T
∂T
∂x
, (11)
where Eq. (9) provides:
∂c˜b
∂cb
= exp
(
− Eb
RT
)
(12a)
∂c˜b
∂T
=
cbEb
RT 2
exp
(
− Eb
RT
)
. (12b)
Thus, for a one-dimensional ase the onsti-
tutive equation for bound-water diusion Eq.
(10)-Eq. (12) an be rewritten as:
Jb = −Db∂cb
∂x
−DbT ∂T
∂x
, (13)
where
Db = D
0
b exp
(
− Eb
RT
)
(14a)
DbT = D
0
b
cbEb
RT 2
exp
(
− Eb
RT
)
. (14b)
where DbT will be referred to as the ther-
mal oupling bound-water diusion oeient
in the following.
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The seond term on the right hand side
of equation Eq. (13) is the bakground for
the so-alled Soret eet, whih is the thermal
oupling to bound-water diusion observed by
Choong (1963); Siau et al. (1986); Avramidis
et al. (1987); Avramidis and Siau (1987) among
others.
Note that for the isothermal ase (∂T/∂x =
0) Eqs. (13) and (14) yield Arrhenius' law, with
the diusion oeient being exponentially de-
pendent on temperature.
Water-vapor diusion
The temperature dependeny in the empirial
expression for diusion of water vapor in bulk
air by Shirmer (1938) in Eq. (15) indiates
that the kineti priniples for bound-water dif-
fusion might apply for diusion of water vapor
as well .
Dva = 2.31× 10−5m
2
s
p
atm
p
atm
+ pv
(
T
273K
)1.81
,
(15)
where p
atm
is the atmospheri pressure and pv
the partial vapor pressure.
For the isothermal ase a modiation of
this diusion oeient to take the resistane
from the ellular struture of wood into on-
sideration has provided good results (Frandsen
et al., 2007a):
Dv = ξDva, (16)
where ξ is the estimated redution fator due to
hindrane of the diusion in the ellular stru-
ture. ξ is dierent for the dierent material di-
retions. This is generalized below, but for sim-
pliity in the following derivation, this is main-
tained as a one-dimensional quantity.
Sine the diusion oeient is temperature
dependent, the following hypothesis for esti-
mating the temperature dependent water-vapor
diusion oeient is stated. The temperature
dependeny of water-vapor diusion in wood
ould be obtained by assuming an ativated va-
por pressure:
p˜v = pv
(
T
273K
)1.81
. (17)
By the approah of expanding ∂p˜v/∂x (see
above), this assumption leads to the one-
dimensional onstitutive relation:
Jv = −Dv ∂pv
∂x
−DvT ∂T
∂x
, (18)
where
Dv = D
0
v
(
T
273K
)1.81
(19a)
DvT = D
0
v
1.81 pv
T
(
T
273K
)1.81
(19b)
D0v = ξ 2.31× 10−5
m2
s
p
atm
p
atm
+ pv
. (19)
where DvT will be referred to as the thermal
oupling water-vapor diusion oeient in the
following.
It must be stressed that this is a hypothesis
that has not been onrmed by measurements,
why it should be used with aution. This model
is based on the assumption that a higher tem-
perature would inrease the mobility of water
moleules, and thus the probability of an atom
to diuse from a warmer loation is higher than
from a older loation.
Diusion in an orthotropi material
By generalizing Eq. (13) and Eq. (18) the fol-
lowing onstitutive equations an be stated for
three dimensional orthotropi model:
Jb = −Db∇cb −DbT∇T (20a)
Jv = −Dv∇cv −DvT∇T, (20b)
where the matries Dα and DαT ontain the
diusion oeient and thermal oupling diu-
sion oeients (see Eq. (14) and Eq. (19)) of
the various material diretions in the diagonal.
For the heat transport equation, Fourier's
law is applied:
JH = −kmix∇T (21)
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where the matrix k
mix
ontains the thermal
ondutivities of the various material diretions
in the diagonal. These an be estimated by on-
sidering various omponents of a ell as parallel
and serial onneted resistanes, see e.g. (Siau,
1995). This will not be disussed further here.
Furthermore, Whitaker (1977) assumed a
linear relationship between enthalpy and tem-
perature, whih is reasonable for wood (Skaar,
1972), and for vapor the spei heat apaity
hanges less than one per ent within the range
onsidered. Thus, the enthalpy an be written
as:
hα = h
0
α + Cα(Tα − Tref) (22)
where Cα is the spei heat apaity of the
α-omponent of the mixture.
2.3 Governing equations
Inserting the uxes in Eq. (20) into the mass
onservation Eq. (1) provides:
∂cb
∂t
=∇ · (Db∇cb +DbT∇T ) + c˙ (23a)
∂cv
∂t
=∇ · (Dv∇cv +DvT∇T )− c˙ (23b)
It is sometimes more onvenient to formulate
the mass transport equations of vapor in terms
of a partial vapor pressure in preferene to
onentration by applying the ideal gas law.
The priniple is illustrated in (Frandsen et al.,
2007a):
∂
∂t
(
pv
ϕM
H
2
O
RT
)
=
∇ ·
(
Dv∇
(
pv
ϕM
H
2
O
RT
)
+DvT∇T
)
− c˙.
(24)
Expanding the dierentiation of the au-
mulative and diusive terms in the energy bal-
ane equation (2) leads to:
∂hb
∂t
cb +
∂hv
∂t
cv +
∂h0
∂t
ρ0+
hb
∂cb
∂t
+ hv
∂cv
∂t
+ hb∇ · Jb + hv∇ · Jv+
Jb ·∇hb + Jv ·∇hv =∇ · (kmix∇T ) ,
(25)
whih an be simplied by insertion of the mass
onservation equations (1) and (22), and as-
suming immediate thermal equilibrium between
the dierent omponents, i.e., Tα = T for
α ∈ {b, v, 0}:(
cbCb + cvCv + ρ0C0
)∂T
∂t︸ ︷︷ ︸
aumulation
+(hb − hv)c˙︸ ︷︷ ︸
sorption
+
(
CbJb + CvJv
) ·∇T︸ ︷︷ ︸
diusion
=∇ · (k
mix
∇T )︸ ︷︷ ︸
ondution
.
(26)
The third term on the left hand side is the
bakground for the so-alled Dufour eet,
i.e., transport of heat by mass transport of
moleules with a given enthalpy.
In Eq. (26) the aounting of energy on-
tent is hereby stated in terms of onentration
of the individual omponent, its spei heat
apaity and the ommon temperature of the
omponents (Figure 4). Furthermore, the en-
ergy gained by the phase hange from water
vapor to bound water is inluded in the bal-
ane.
J +dJH
C J (T+dT)b b
C J (T+dT)v v
C J (T+dT)a a
cell wall
cell lumen
C J Tb b
C J Tv v
C J Ta a
JH
H
(h -h )cb vPSfrag replaements
Temperature, [°C℄
Figure 4 Various paths for transport of heat in the el-
lular struture of wood.
3 Temperature dependeny of
sorption
Adsorption is a time-dependent exothermal re-
ation, i.e., heat is produed during the rea-
tion. Hene, aording to Le Chatelier's prin-
iple the reation is promoted by lowering the
temperature, i.e., more water an be bound in
the ell wall. This is also seen in Figure 1 as
a negative slope of the sorption boundary sur-
faes with temperature.
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However, aording to Arrhenius' rate law
the reation rate will inrease with tempera-
ture. As seen in (Christensen, 1965; Frand-
sen et al., 2007a) the reation rate c˙ dereases
signiantly as equilibrium is approahed at
higher relative humidities h (= pv/ps):
c˙ = H(cbl, cb, h, T ) (cbl − cb), (27)
where cb is the bound-water onentration in
the ell wall, cbl is a bound-water onentra-
tion in equilibrium with the vapor pressure pv
in the lumens, and h is the relative humidity of
the vapor in the lumens. As the bound-water
onentration approahes the equilibrium on-
entration cbl, the sorption eases. The equilib-
rium bound-water onentration hanges hys-
teretially with the water-vapor pressure pv.
Alternatively, the sorption rate ould be for-
mulated in terms of pressures (Frandsen et al.,
2007a), but this will not be further disussed
here.
3.1 Temperature dependeny of hysteresis
The bound-water onentration in equilibrium
with the vapor pressure in the lumens cbl an
be determined by:
cbl
ρ0
= m = ma + s(md −ma), (28)
where ma and md are the temperature and rel-
ative humidity dependent adsorption and des-
orption boundary urves (Figure 5) (Frandsen
et al., 2007b; Frandsen and Svensson, 2007). s
is the fration of exploited sorption sites (0 ≤
s ≤ 1), whih depends on temperature and the
preeding relative humidity variations.
By rearranging Eq. (28), s an be expressed
as the fration:
s =
m−ma
md −ma , (29)
whih is the expression for the normalized san-
ning urves. Formulating the sanning urves
in terms of s, these beome independent of the
Adsorptionscanning curve
Desorption scanning curvePSfrag replaements
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d
z0
h
m
ma
md
Figure 5 Predition of the sanning urves from the ur-
rent state z0 and the origins of the sanning urves z0a
and z0d.
boundary urves, and the temperature depen-
deny of the sanning urves and the boundary
urves an be treated separately.
As mentioned in the introdution, the tem-
perature dependeny of the boundary urves
has been experimentally investigated by several
researhers. Dierent more or less empirial ex-
pressions to t these measured urves have been
proposed; for a review of the most ommon
models see (Babiak, 1990; Siau, 1995). Here the
Anderson-MCarthy model is hosen due to the
ontinuous variation of the shape parameters
with temperature (Figure 6). The model has
been alibrated to the measurements by Haw-
ley (1931) here ited from (Kollmann and Cté,
1968) and the measurements by Kelsey (1956):
mα = − ln(ln(1/h)/f
α
1 )
fα2
, α ∈ {a, d}, (30)
where h is the relative humidity. The ontinu-
ous variations of the shape parameters fαi with
temperature have been approximated with the
polynomial (Figure 6):
fαi =
n∑
j=0
bαijT
j , i ∈ {1, 2}, (31)
where bαij is given in Table 1, and a and d de-
notes adsorption and desorption, respetively.
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Speies α n bα12 [K
−2
℄ bα11 [K
−1
℄ bα10 b
α
22 [K
−2
℄ bα21 [K
−1
℄ bα20
Babiak ? ? 1 0 −0.0143 7.73 0 0.0567 0.875
Hawley sitka sprue d 2 −4.228× 10−5 0.0196 1.47 9.53× 10−4 −0.518 87.6
Kelsey klinki pine a 1 0 −0.0234 11.1 0 0.0657 0.0865
Kelsey klinki pine d 1 0 −0.0367 16.3 0 0.0535 2.13
Table 1 The bαij parameters of Eq. (31). The parameters tted by Babiak (1990), t of desorption isotherms
measured by Hawley (1931), and t to adsorption and desorption isotherms measured by Kelsey (1956).
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Figure 6 The variation with temperature of the shape
parameters in the Anderson-MCarthy sorption model.
Whether the shape of the normalized san-
ning urves is temperature dependent annot
be onluded on the urrent experimental work.
The sanning urves are here assumed to be in-
dependent of the temperature (s(h) = s(h, T )).
The hysteresis model applied is developed
in (Frandsen et al., 2007b). Here it was argued
that the sanning urves are uniquely dened
by their origin on one of the boundary urves.
Thus, the sanning urves an be expliitly for-
mulated in terms of their origin on the bound-
ary urves h0a and h
0
d (Figure 5):
s = −1 + 2
(
1−h
1−h0
d
)( d1
ln(d2(1−h
0
d
))
)
,h˙ > 0 ∧ s0 > 0
(32a)
s = 2− 2
(
h
h0a
)( d1
ln(d2 h
0
a)
)
, h˙ < 0 ∧ s0 < 1
(32b)
s = 0, h˙ > 0 ∧ s0 = 0
(32)
s = 1, h˙ < 0 ∧ s0 = 1,
(32d)
where d1 and d2 are shape parameters. Eq.
(32a) and Eq. (32b) model the sanning urves
during adsorption (h˙ > 0) and during desorp-
tion (h˙ < 0), respetively. (32) simply ex-
presses that a state with origin on the adsorp-
tion boundary urve (s0 = 0) will follow the
adsorption boundary urve if adsorption is tak-
ing plae (h˙ > 0) and similarly for desorption
in Eq. (32d).
Sine the sanning urves are known to trail
through the urrent state z0 = {h0,m0}, ex-
pressions for h0a and h
0
d an be obtained by solv-
ing Eq. (32a) and (32b) for h0a and h
0
d, respe-
tively, where h = h0 and s = s0:
h0a = h0(d2h0)
q1
(33)
h0d = 1− (1− h0)(d2(1 − h0))q2 , (34)
where
q1 = − ln(ln(2))− ln(ln(2− s0))
ln(ln(2))− ln(ln(2− s0))− d1 (35)
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q2 = − ln(ln(2))− ln(ln(1 + s0))
ln(ln(2))− ln(ln(1 + s0))− d1 . (36)
Example
To illustrate the temperature dependeny of
this hysteresis model, sanning urves of klinki
pine at onstant and at varying temperatures
have been alulated. For the alulation the
data for the boundary urves of klinki pine in
Table 1 and the shape parameters of the san-
ning urves in Table 2 have been applied.
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Figure 7 Sanning urves with and without the inuene
of varying temperature.
d1 d2
−1.3 0.88
Table 2 The shape parameters of the sanning urves
(Frandsen et al., 2007b).
The relative humidity is inreased from 30%
to 80% for both sanning urves, i.e., at on-
stant temperature and at inreasing tempera-
ture. Both urves initiate on the desorption
boundary urve (s = 1). The temperature for
the rst urve is kept onstant at 5°C and for
the seond the temperature inrease is linear
proportional to the relative humidity from 5°C
to 25°C. The result is shown in Figure 7.
4 Conlusions
This paper proposes the initial mathematial
framework for temperature dependent multi-
Fikian moisture transport model with hystere-
sis. Doing so the following issues were ad-
dressed:
• Moisture transport depends on temperature
gradients, and onversely, mass transport in-
volves transport of heat as well, i.e., the so-
alled Soret and Dufour eet, respetively.
Therefore, a fully oupled heat and mass
transport model is formulated. The model
takes the phase hanges between water va-
por and bound water into onsideration in
the mass transportation as well as heat trans-
portation.
• A onstitutive model for temperature depen-
dent bound-water diusion based on diu-
sion kinetis is derived.
• A onstitutive model for temperature de-
pendent diusion of water vapor has been
proposed based on the empirial model by
Shirmer (1938). This model is based on the
assumption that a higher temperature would
inrease the mobility of water moleules. The
model has not been veried and should be
used with aution.
• Temperature dependene of the boundary
urves has been taken into aount in the for-
mulation of the temperature-dependent sorp-
tion hysteresis model. This was possible be-
ause of the deoupling of sanning urves
from the boundary urves in the applied hys-
teresis model. The temperature dependeny
of the boundary urves was desribed by the
Anderson and MCarthy model.
• The shape of the normalized sanning urves
was here assumed to be independent of tem-
perature, sine in the few available measure-
ments the shape does not vary signiantly.
A designated experimental investigation of
the temperature dependeny of the normal-
ized sanning urves remains.
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Abstrat
The Poisson's ratios of the time-dependent mehanial response of wood under sustained load have
been observed to vary with time. This is a onsequene of diretionally distint response rates of
the ellular orthotropi material. The present paper onerns various aspets of this phenomenon
of diretionally distint reep response rates. Together with reent theoretial onsiderations on
the topi the experimental observations of time-dependent Poisson ratios provide a new perspe-
tive to onsider the modeling of orthotropi reep of wood. Dierent widely applied approahes
for modeling orthotropi reep of wood are addressed. It is explained why the plausible approah
for modeling the phenomenon by a applying the time-dependent Poisson ratios as material param-
eters is inappliable. The requirements for a onstitutive model to yield diretionally independent
reep rates, i.e., time-dependent Poisson ratios, are treated. Based on this, a onstitutive model
for orthotropi reep, whih provides this independeny and gives resemblane to distribution of
stresses in the ellular struture of wood, is proposed. The objet is to establish a orrespon-
dene between the material parameters and the struture of wood and thus to ontribute with
general onsiderations on the mehanial ouplings. Two approahes for implementing the pro-
posed onstitutive model into a nite element model are shown. The theoretial onsiderations
will be omplemented by ongoing experimental work. In this paper the experimental proedure is
presented.
Key words: reep, onstitutive modeling, oupling terms, orthotropi, inremental, Poisson's ratio
1 Introdution
Creep is the time-dependent deformation re-
sponse to sustained load. It has reeived a on-
siderable amount of attention in order to model
strains in drying proesses and long-term be-
havior of strutural wood.
The ellular struture, layered omposition
of the ell wall, and hygrosopy due to various
hemial bonds resolves in a number of mois-
ture, time, stress-level and temperature depen-
dent deformations in wood.
When wood is subjeted to loads the
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stresses distributes in the ellular struture. On
the ultrastruture level the ell walls an be re-
garded as a omposite material, see e.g. (Bar-
ber, 1968; Yamamoto and Kojima, 2002; Pang,
2002). The mirobrils in the ell wall layers
funtion as reinforing bers, and lignin and
the hemielluloses onstitute the matrix mate-
rial. The mirobrils are deformed axially as
matrix material adhering the brils is molded.
The molding of the adhesive matrix material in-
volves breakage and reestablishment of hydro-
gen bonds. This proess ommenes gradually
with time, and the deformation beomes a time-
dependent proess.
For dierent diretions of load dierent dis-
tribution paths of the stresses in the ompos-
ite struture our. For instane, if the ell is
tensed in the longitudinal diretion, the ell is
strethed and due to Poisson's eet in the ell
wall, the ell radius will diminish. In the dif-
ferent diretions of deformation, the omposi-
tions of matrix material and the reinforing mi-
robril bers are dierent. Thus, the rate of
deformation in the dierent diretions will be
orrespondingly distint.
The reep response in the diretion of load
for dierent diretions has been well studied.
Creep is lassially assumed to be omposed
of two independent types of reep, i.e., time-
dependent reep and mehano-sorptive reep.
The time-dependent reep rate is inreased
at higher temperatures and moisture ontents
see e.g. (Hanhijärvi, 1995; Wu and Milota,
1995; Svensson, 1996; Mårtensson and Svens-
son, 1997; Hanhijärvi, 1999; Passard and Perré,
2005a,b).
When exposed to moisture hanges, the
mehano-sorptive reep of wood is ativated
and relatively large strains ompared to the
pure time-dependent reep are formed, see e.g.
(Toratti and Svensson, 2000). The onstitutive
models applied are similar to those desribing
the time-dependent reep with the dierene
that, roughly speaking, hanges over time are
replaed by hanges of moisture ontent (Take-
mura, 1967; Ranta-Maunus, 1975; Salin, 1992).
Some experiments question the assumption
of the independeny of the two types of reep
(Hanhijärvi and Hunt, 1998; Hunt, 1999), and
muh interesting researh on the onnetion be-
tween the two types of reep remains.
In this paper, however, fous will be on the
transverse deformation and multidimensional
modeling of reep; and reep will here be on-
sidered as one phenomenon. Hereby the om-
plexity of the ouplings to temperature and
moisture and the even more sophistiated ou-
plings to hanges of the latter is temporarily
disregarded. The onsiderations in the follow-
ing will, however, be general, and the above-
mentioned omplexities an be aounted for
within this framework.
First, the attention is direted towards some
interesting experimental observations on the
transverse deformations in reep experiments.
Together with reent theoretial onsiderations
on the time-dependeny of Poisson's ratios,
these provide a new perspetive to onsider dif-
ferent widely applied orthotropi onstitutive
models.
The time-dependent behavior of Poisson's
ratios provides useful information about the
transverse deformations. However, as shown
in the following the measured time-dependent
Poisson ratios annot be applied as a material
parameter in an orthotropi onstitutive model
itself.
Next, a onstitutive model for orthotropi
reep, whih avoids the onept of time-
dependent Poisson ratios, is derived. The
model provides independent responses for dif-
ferent orthotropi material diretions as ex-
peted by the distribution of stresses in the el-
lular struture of wood.
The objetive of this researh is to establish
a orrespondene between the material param-
eters and the struture of wood and ontribute
with general onsiderations on the mehanial
ouplings. To draw suh onlusions, the orre-
spondene between the assumed ouplings be-
tween the rheologial systems of the onstitu-
tive model presented, a supplement of an ex-
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perimental study of the phenomenon is greatly
needed. In this ongoing work experiments are
being arried out at Oregon State University.
The experimental proedure and setup of this
study are desribed at the end of this paper.
1.1 Experimental observations of time-
dependent Poisson ratios
Poisson's ratio (PR) was dened as the ra-
tio of the transverse ontration to the elon-
gation in the diretion of the load applied, i.e.:
ν12 = −ε2/ε1 by Poisson (1829). This parame-
ter an be applied in elasti onstitutive mod-
els to obtain instantaneous response of both
isotropi and orthotropi materials.
As many other materials, wood is showing
reep behavior and over time it hanges size
and shape under sustained load. If the PRs of
this time-dependent deformation should remain
onstant over time, the ratio between the longi-
tudinal and transverse rate of strain should be
idential to the ratio of the instantaneous PRs
in a uniaxial load ase. Measurements of PRs
in other materials prone to reep (e.g. onrete,
poly(methyl metharylate) and silion nitride
(Gopalakrishnan et al., 1969; Lu et al., 1997;
Mazzotti and Savoia, 2002; Ernst et al., 2003;
Lofaj et al., 2003)) show that this is not the
ase.
To the authors' knowledge the amount of re-
searh on the time-dependent PRs in wood lim-
its to one publiation by Shniewind and Bar-
rett (1972). They observed a PR (νLT ) varying
over time due to ontrations in the tangential
diretion of a speimen loaded in the longitudi-
nal diretion (Figure 1).
The strain variations leading to the vary-
ing PR in Figure 1 are, however, questionable,
sine they indiate that reep reovery ours
in the transverse diretion simultaneously with
reep in the longitudinal diretion. However,
in some of the experiments by Shniewind and
Barrett (1972) the opposite trend was observed,
i.e., reep ourred in the transverse diretion.
The details on these experiments are, however,
limited. With regard to the pioneering work by
10-1 100 101 102 103
0.29
0.30
0.31
0.32
0.33
0.34
t (min)
PSfrag replaements
ν L
T
Figure 1 Varying PR from ontrations tangentially to
the ber loaded in the longitudinal diretion in the ex-
periment by Shniewind and Barrett (1972).
Shniewind and Barrett (1972) it must be on-
luded that the unertainty arising from this
deviating behavior alls for a further investiga-
tion of the phenomenon.
1.2 Theoretial bakground for time-
dependent Poisson's ratios
Tshoegl et al. (2002) have shown mathemati-
ally that for an isotropi visoelasti material,
PR will be a monotonously inreasing funtion
of the time, t.
For an isotropi visoelasti material it is
possible to dene a time-dependent PR, whih
an be applied in the elasti-visoelasti or-
respondene priniple (Hilton, 2001; Tshoegl
et al., 2002):
ν(t) = −εj(t)
εi
, (1)
where the strain in the loaded diretion εi is
kept onstant over time, i.e., in a relaxation ex-
periment, where the strain transverse to the di-
retion of load εj(t) dereases over time due to
relaxation of the stresses. Hereby it is also im-
plied that the general denition of PR:
ν(t) = −εj(t)
εi(t)
(2)
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annot be used as material parameter in the
elasti-visoelasti orrespondene priniple.
For anisotropi materials the mathematial
onsequenes of PRs being onstant are treated
in (Hilton, 2001). Hilton onluded that the as-
sumption of time-independent PRs lays severe
mathematial restritions on the solutions, and
in general, PRs an be onluded to be time
dependent.
In view of the experimental observations
and these mathematial restritions, it must
be onluded that the orthotropi onstitutive
models should reet the behavior of time-
dependent PRs.
2 Modeling of orthotropi reep
A reep model an be represented by a higher-
order dierential equation, the hereditary ap-
proah or a set of rst-order dierential equa-
tions. The two latter representations are more
suitable for implementation into a numerial
method, why the fous in this paper will be
direted towards those.
2.1 The hereditary approah
The lassial approah for modeling the time-
dependent orthotropi response of wood is the
hereditary approah also known as the onvo-
lution integral approah, see e.g. (Shniewind
and Barrett, 1972; Mårtensson, 1992; Ormars-
son, 1999) and for a large displaement for-
mulation (Mauget and Perré, 1999). The in-
rements in stresses ∂σj/∂τ are multiplied by
the reep ompliane or so-alled master reep
urves Jij(t− τ) shifted to the time of ation τ
and summed over time:
ε(t) =
∫ t
−∞
J(t− τ)∂σ(τ)
∂τ
dτ, (3)
where ε and σ are the strain and stress vetors
ontaining the omponents εi and σj , respe-
tively. J is the reep ompliane matrix on-
taining the omponents Jij .
The diagonal omponents of the reep om-
pliane matrix have been estimated for dierent
speies at dierent temperatures and moisture
ontents in various experiments. The magni-
tude and rates of reep in the dierent dire-
tions vary.
For example, the reep strains in the tangen-
tial diretion are larger than those in the longi-
tudinal diretion, whereas the rate by whih the
nal strain is approahed is faster for the lon-
gitudinal strains in (Shniewind and Barrett,
1972).
Thus, the diagonal omponents of the reep
ompliane matrix dier not only in magnitude
but they are also proportionally dierent over
time:
Jii(t) 6= kJjj(t) , i 6= j (4)
where k is a onstant.
In the following dierent approahes for ob-
taining the o-diagonal omplianes (Jij , i 6= j)
are addressed.
For an inremental nite element formula-
tion of the hereditary approah addressed in
this setion, see e.g. (Ormarsson, 1999; Mauget
and Perré, 1999).
Assumption of onstant Poisson's ratios
In this setion the dierent onsequenes of the
hoie of onstant PRs in an orthotropi reep
model is treated. Mårtensson (1992) proposed
a onstitutive model, in whih the o-diagonal
reep omplianes (Jji(t)) were assumed to be
proportional to the to the diagonal ones (Jii(t)),
where the fators of proportionality were the
elasti PRs (νij):
Jji(t) = −νijJii(t) , i 6= j, (5)
where the underlined subsripts indiate exep-
tions from Einstein's summation onvention,
whih otherwise applies.
By onsidering the reep omplianes sym-
metrially loated to these:
Jij(t) = −νjiJjj(t) , i 6= j, (6)
it is seen that these equal one another when
t = 0, i.e., at the initial elasti response at the
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time of loading. However, for t > 0 it an be
seen from Eq. (4) that:
Jji(t) = −νijJii(t) 6= −νjiJjj(t) = Jij(t). (7)
Thus, the assumption of onstant PRs leads
to asymmetri ompliane matries, whih a-
ording to Onsager's reiproal priniple should
be symmetri (Biot, 1954; Halpin and Pagano,
1968).
Time-dependent Poisson ratios as material parame-
ters
A hypotheti method for obtaining a reep re-
sponse yielding time-dependent PRs, is to apply
the measured time-dependent PRs as material
parameters. This an be done by imitating the
elasti orthotropi formulation by:
Jji(t)
?
= −νij(t)Jii(t) , i 6= j. (8)
The PRs νji(t) are measured as the ratio be-
tween the transverse strains εj(t) and the strain
εi(t) parallel to the diretion of a uniaxial load
σi(t):
νij(t) = −εj(t)
εi(t)
. (9)
The strains εj(t) and εi(t) in Eq. (9) an
be evaluated by Eq. (3) and by inserting the
assumed onstitutive model Eq. (8):
νij(t) = −
∫ t
−∞
Jji(t− τ)∂σi(τ)∂τ dτ∫ t
−∞
Jii(t− τ)∂σi(τ)∂τ dτ
?
=
∫ t
−∞
νij(t− τ)Jii(t− τ)∂σi(τ)∂τ dτ∫ t
−∞
Jii(t− τ)∂σi(τ)∂τ dτ
.
(10)
Hene, realulating the PRs by applying the
assumed onstitutive model Eq. (8) does not
yield the measured PRs. Thus, the measured
time-dependent PRs annot be applied as ma-
terial parameters in an orthotropi reep model
as dened in Eq. (8).
Requirements for diretionally independent reep
rates
In the following a widely applied visoelas-
ti onstitutive model based on a generalized
Kelvin series are investigated.
The reep ompliane in a one-dimensional
model is often obtained by solving the dier-
ential equations for a generalized Kelvin model
yielding the Dirihlet series:
J(t) =
N∑
n=1
1
Q(n)
(
1− e
(
−
Q(n)
η(n)
t
))
(11)
or
J(t) =
N∑
n=1
C(n)
(
1− e
(
−
t
T(n)
))
, (12)
where Q(n) and C(n) and are the stiness and
ompliane of the spring in the nth Kelvin el-
ement, and η(n) is the visosity of the dashpot
in the nth Kelvin element. T (n) = η(n)/Q(n) is
the so-alled retardation time of the nth Kelvin
element.
This one-dimensional reep ompliane is
often generalized to a three-dimensional or-
thotropi formulation, see e.g. (Shniewind and
Barrett, 1972; Mauget and Perré, 1999; Hanhi-
järvi, 1999; Ormarsson, 1999):
J(t) =
N∑
n=1
C(n)
(
1− e
(
−
t
T (n)
))
. (13)
For this formulation the PRs an be obtained
by inserting Eq. (12) into Eq. (9):
νji(t) =∫ t
−∞
N∑
n=1
C
(n)
ji
(
1− e
(
−
t
T(n)
))
∂σi(τ)
∂τ dτ∫ t
−∞
N∑
n=1
C
(n)
ii
(
1− e
(
−
t
T(n)
))
∂σi(τ)
∂τ dτ
. (14)
From Eq. (14) it is seen that the requirement
to avoid time independent PRs is that the o-
diagonal omplianes C
(n)
ji sale dierently to
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the diagonal C
(n)
ii for the dierent Kelvin ele-
ments, i.e.:
C
(n)
ji
C
(m)
ji
6= C
(n)
ii
C
(m)
ii
, n 6= m , i 6= j . (15)
where m = 1, 2, . . .N . If this restrition is
not obeyed, the rate of the (i, i)th and (j, i)th
strain omponents will be idential yielding
onstant PRs. For example, let the ompo-
nents of the omplianes sale proportionally to
those of the elasti ompliane matrix: C
(0)
ij =
k−1 1C
(1)
ij . . . = k
−
n 1C
(n)
ij , and Eq. (14) yields:
C
(0)
ji
∫ t
−∞
N∑
n=1
kn
(
1− e
(
−
t
T(n)
))
∂σi(τ)
∂τ dτ
C
(0)
ii
∫ t
−∞
N∑
n=1
kn
(
1− e
(
−
t
T(n)
))
∂σi(τ)
∂τ dτ
=
C
(0)
ji
C
(0)
ii
= νji.
(16)
Thus, the PRs beome onstant in this ase.
Hene, the requirement in Eq. (14) an also
be formulated as:
C(n) 6= kC(m) , n 6= m, (17)
where k is a onstant. Thus, the o-diagonal
omponents must sale dierently from the di-
agonal omponents of the ompliane matries.
Typially, the elasti ompliane matrix
C(0), the omplianes C
(n)
ii and retardation
times T (n) from one-dimensional experiments
are available. An appealing approah for esti-
mating the unknown o-diagonal omponents
C
(n)
ij would be to assume that these sale to the
orresponding elasti omponents C
(0)
ij similar
to the saling of the known diagonal ompo-
nents C
(n)
ii = kC
(0)
ii (see e.g. (Hanhijärvi and
Makenzie-Helnwein, 2003)). However, aord-
ing to the requirement stated in Eq. (17), this
approah would lead to onstant PRs.
2.2 The dierential equation approah
Another approah for obtaining an orthotropi
reep model suitable for implementation into a
numerial method is to formulate a set of rst
order dierential equations. Hanhijärvi and
Makenzie-Helnwein (2003) applied the follow-
ing generalized three-dimensional Kelvin series
with N Kelvin elements:
T (n)ε˙(n) + ε(n) = C(n)σ, (18)
where C(n) is the generalized ompliane ma-
trix and T (n) is the retardation time for the
nth Kelvin element, where n = 1, 2, . . .N .
This formulation by Hanhijärvi and Makenzie-
Helnwein (2003) an be be shown to be the same
as Eq. (13) (Appendix 1). Thus, the require-
ments for time-dependent PRs are idential to
those in Eq. (15).
In the following a model of this type, whih
allows independent reep rates in the dierent
material diretions, will be derived.
3 An orthotropi reep model
In Figure 2 a shemati diagram of the proposed
orthotropi reep model with three oupled rhe-
ologial systems is shown. The enter system
models the deformation in the diretion of the
load. The deformation in the two outer rheo-
logial systems are onneted to the diretion of
load by latties, whih gives resemblane to the
distribution of stress in the ellular struture
of wood. In the ellular struture the stress is
hereby transferred to deformations orthogonal
to its diretion. For simpliity, only one spring
modeling the elasti response and one Kelvin
element modeling the reep are illustrated.
In the following derivation, a two-
dimensional simplied version of the model is
presented. The equations are onsequentially
generalized. The model an be generalized to
three dimensions and with a base of a more
omplex reep model or for that matter a
mehano-sorptive model.
In Figure 3 the two-dimensional onstitu-
tive model for an orthotropi material stressed
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Figure 2 Parallel oupled rheologial systems modeling
strain and strain rate in various diretion due to a lon-
gitudinal stress.
in the longitudinal dire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model Q designates spring-stinesses and η vis-
osities. The model onsists of two rheologi-
al systems. The upper set models the time-
dependent longitudinal strain and the lower one
models the transverse strains aused by the
Poisson eet.
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Figure 3 Two parallel oupled rheologial systems mod-
eling transverse and longitudinal strain and strain rate
due to a longitudinal stress.
The shear stresses and strains deouple from
the other strain and stress omponents, and the
simple onstitutive model for these shown in
Figure 4 is hosen.
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Figure 4 A rheologial system modeling the dependene
of the shear strain on the shear stress.
For the basi rheologial system hosen, the
total strain in the longitudinal diretion εL on-
sists of the elasti strain ε
(0)
L from the spring
and visoelasti strain ε
(1)
L in the Kelvin ele-
ment and similarly for the transverse strain εT .
The total strains are given by:
εL = ε
(0)
L + ε
(1)
L (19a)
εT = ε
(0)
T + ε
(1)
T . (19b)
The total stress in the longitudinal diretion
equilibrates the sum of the stresses on eah of
the set of the two parallel rheologial systems,
σLL and σ
T
L (Figure 3):
σL = σ
L
L + σ
T
L . (20)
Furthermore, the stress σLL equilibrates the
stress in the spring Q
(0)
LLε
(0)
L and the stress on
the Kelvin element Q
(1)
LLε
(1)
L + η
(1)
LLε˙
(1)
L . Similar
onsiderations an be made for the rheologial
system modeling the transverse strains:
σLL = Q
(0)
LLε
(0)
L (21a)
σLL = Q
(1)
LLε
(1)
L + η
(1)
LLε˙
(1)
L (21b)
σTL = Q
(0)
LT ε
(0)
T (21)
σTL = Q
(1)
LT ε
(1)
T + η
(1)
LT ε˙
(1)
T . (21d)
Assembling the stresses on the elasti ele-
ments in Eq. (21a) and Eq. (21) by Eq. (20)
yields:
σL = Q
(0)
LLε
(0)
L +Q
(0)
LT ε
(0)
T . (22)
The stresses on the Kelvin elements in Eq.
(21b) and Eq. (21d) are assembled in Eq. (20)
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as well, providing:
σL = Q
(1)
LLε
(1)
L + η
(1)
LLε˙
(1)
L
+Q
(1)
LT ε
(1)
T + η
(1)
LT ε˙
(1)
T .
(23)
Considering a onstitutive model for the
stress in the transverse diretion σT , similar
onstitutive equations an be derived. With
the onstitutive model for the shear stress,
the omplete onstitutive model for the two-
dimensional orthotropi visoelasti material
an be formulated in matrix notation, yielding:
 σLσT
τLT

 =

 Q
(0)
LL Q
(0)
LT 0
Q
(0)
TL Q
(0)
TT 0
0 0 G
(0)
LT



 ε
(0)
L
ε
(0)
T
γ
(0)
LT


(24)
 σLσT
τLT

 =

 Q
(1)
LL Q
(1)
LT 0
Q
(1)
TL Q
(1)
TT 0
0 0 G
(1)
LT



 ε
(1)
L
ε
(1)
T
γ
(1)
LT


+

 η
(1)
LL η
(1)
LT 0
η
(1)
TL η
(1)
TT 0
0 0 η
(1)
LTS



 ε˙
(1)
L
ε˙
(1)
T
γ˙
(1)
LT

 .
(25)
Or in ontrated notation:
σ = Q(0)ε(0) (26)
σ = Q(1)ε(1) + η(1)ε˙(1). (27)
The sum of ε(0) and ε(1) yields the total
strain as stated in Eq. (19).
The rheologial systems an be expanded by
a number of N Kelvin elements and to three
dimensions:
σ = η(n)ε˙(n) +Q(n)ε(n), (28)
where the total strains are obtained by:
ε =
N∑
n=0
ε(n). (29)
Mathematially the model by Hanhijärvi
and Makenzie-Helnwein (2003) is a speial ase
of Eq. (28). This is realized by reformulating
Eq. (13) to:
Q(n)ε(n) + T (n)Q(n)ε˙(n) = σ, (30)
where Q(n) = (C(n))−1. By omparison with
Eq. (28) it is seen that the simpliation
in the model by Hanhijärvi and Makenzie-
Helnwein (2003) involves the assumption of
η(n) = T (n)Q(n). If this assumption is applied
the omponents of the ompliane matries an-
not sale identially as stated in Eq. (17).
The general formulation in Eq. (28) an be
stated as a hereditary approah as well. The
solution is slightly more mathematially om-
pliated. The solution has a struture similar
to Eq. (3) and Eq. (12):
ε(t) =
∫ t
−∞
J(n)(t− τ)∂σ(τ)
∂τ
dτ , (31)
where
J(n)(t) =
(
I− eA(n)t
)
C(n), (32)
where C(n) = (Q(n))−1 and A(n) =
(η(n))−1Q(n) and I is the identity matrix. The
matrix exponential funtion eA
(n)t
is dened in
Appendix 2, and a proedure to alulate this
matrix is presented as well. Furthermore, a
proof of the solution is given in Appendix 2.
This solution allows appliation of this model
together with the usual inremental approah,
see e.g. (Hanhijärvi, 1999).
The equation system is omposed by 2I
equations oupled with 2I × N rst-order dif-
ferential equations, where I is the dimension
of the problem onsidered. As shown in Ap-
pendix 3, these an be stated in an alternative
nite-element formulation. The equations and
dierential equations an be staked in a single
matrix equation:
C ˙˜a+Ka˜ = F˜, (33)
where a˜ = [aT a(n)T ]T . a and a(n) are the dis-
retized displaements and visoelasti strains,
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respetively. The symmetri damping matrixC
and stiness matrixK are given in Appendix 3.
Note that the damping matrix C do not relate
to the ompliane matries C(n), and the nota-
tions are maintained from their respetive area
of appliation. The time disretization and in-
tegration an be performed by various methods,
see e.g. (Bathe, 1995).
4 Experimental study of deforma-
tions orthogonal to the diretion
of load
The initial study is performed on the deforma-
tions in the tangential-longitudinal plane. To
provide lear and easy interpretable results a
well dened and relatively simple loading of the
speimens is hosen.
The experiments will be onduted by sub-
jeting plane lear straight-grained wood spe-
imens to uniaxial loading in the two material
diretions studied. This yields plane states
of stress, where the transverse displaement is
only indued by a single stress omponent.
High auray is required to study the defor-
mations orthogonal to the diretion of load, es-
peially for the sti longitudinal diretion. This
requires a onstant mehanial stress eld plus
a very stable level of relative humidity and tem-
perature in the ambient air. Therefore, a test
benh as shown in Figure 5 has been designed
for the purpose. The design is desribed in se-
tion 4.1.
By the DIC tehnique deformations on the
speimen are traed through a series of pitures
taken by one or two digital ameras (Figure 5).
The tehnique has the advantage of measuring
the deformations in a dense grid allowing eval-
uation of the strain eld on the surfae. Hene,
muh more information is available about the
distribution of strains ompared to appliation
of strain gauges, for example. The tehnique is
further desribed in setion 4.2. An additional
advantage of the tehnique is that physial and
hemial disturbanes from a e.g. a strain gauge
on the region of interest on the speimens is
stereoscopicdigital
cameraes
test bench
4 test specimens
1 reference specimen
Figure 5 The experimental setup with two digital am-
eras and a test benh.
avoided.
4.1 Design of test benh
The test benh has been designed to meet a
number of ritiria to obtain the required au-
ray.
To obtain a ontrolled loading and unload-
ing, a rigidly framed antilever system with an
expliit diretion of fores is used. The fore
from the lever arm is direted through a ylin-
drial shaft and grip. Apart from easy manu-
faturing, the ylindrial design was hosen to
avoid wedging from oblique edges. The fore is
transferred through the lever onto the ylinder
and the rigid frame by a dowel and a high-grade
steel ball bearing (Figure 6).
The design of the antilever system allows
ompressive as well as tensile loading of the
speimens. Also, the frame is designed to be
adaptable with regard to speimen sizes by let-
ting the plate supporting the upper grips be
bolted to the vertial threaded bars.
The speimens are mounted lose together
letting the ameras frame as many speimens
as possible without ompromising manageabil-
ity around the xtures. The xtures have a tra-
ditionally wedged onstrution, where the in-
lination ensures suiently low steel-to-steel
frition during lenhing. The wedges an be
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ballbearing
lever arm
fixture mount
dowel
Figure 6 Transfer of fores from the antilever system
to the frame and shaft through a high-grade steel ball
bearing and a dowel.
attahed to grip in both of the two opposite
loading modes (Figure 7).
compression tension
Figure 7 Setup of the xtures in ompression and ten-
sion mode.
4.2 Digital image orrelation tehnique
The digital image orrelation is failitated by
one or two ameras, whih are ontinuously tak-
ing pitures during the experiment. On these
pitures, one or more regions of interest for a-
quiring displaements and strains are speied.
In eah region an array of referene square
pixel subsets are dened. Relative hanges in
position of the referene subsets on the onse-
utive images of the same area of interest are
then reported as displaements of subset en-
troids
Eah region is overed by an array with xed
step size of so-alled subsets that are squares of
pixels (Figure 8).
The enter of the referene subsets in the
rst image speies disrete points at whih the
displaement will be determined in the subse-
quent series of pitures. Thus, a disrete eld
of displaements in the entire region of interest
is obtained.
Figure 8 Distribution of subsets in the region of interest.
Eah subset an be represented by a square
matrix Ω, where eah omponent orresponds
to the mathing pixels' shade of gray. In the
following the subsets on the speimen in the
undisturbed referene image, the so-alled ref-
erene subset, is denoted ΩR.
The displaement of the referene subsetΩR
is determined by nding the maximum ross-
orrelation oeient ρ(η, ξ) in a region around
the last displaement known. The oordinate
(η, ξ) of the maximum ross-orrelation oe-
ient yields the displaement of the subset in
that image.
The ross-orrelation oeient an either
be determined in the physial spae (Chiang,
1982; Sutton et al., 1983; Chu et al., 1985) or
in a Fourier spae (Chen et al., 1993; Chiang
et al., 1997). To illustrate the proedure, a sim-
ple approah in the physial spae is presented
here.
In this simple approah, the ross-
orrelation oeient for mathing two
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subsets is determined by:
ρ(η, ξ) =
ΩRij(x, y)Ω
∗
ij(x + η, y + ξ)(
ΩRkl(x, y)
)2(
Ω∗mn(x+ η, y + ξ)
)2
(34)
where Ω∗(x + η, y + ξ) is a trial subset at the
oordinate (x+ η, y + ξ).
In Figure 9 two subsequent images of a
wood-plasti omposite speimen in a tensile
experiment are shown. The rst image is used
as a referene, and the displaement of the sub-
set marked is requested in the subsequent im-
age.
The omputed ross-orrelation oeient
in a region around the last displaement known
is shown for both images in Figure 10. Not sur-
prisingly the displaements are equal to zero for
both diretions in the rst image, whereas the
displaement in the latter equals (-2,11) pixels.
The displaement is shown in Figure 11.
As indiated above, this is a rude approah
and it allows detetion of displaements on the
pixel level only. Interpolation or appliation of
fast Fourier transforms, as mentioned above,
provides sub-pixel auray. The latter teh-
nique has been implemented into the ommer-
ial software by Correlated Solutions applied in
the experiments.
Furthermore, a stereosopi amera setup
that provides out-of-plane displaements has
been used in the experiments.
5 Conlusions
Creep transverse to the diretion of load in
wood aused by the Poisson eet has so far
reeived very little attention. In order to ob-
tain aurate modeling of reep in multi-axial
states of stress, these are needed. Therefore,
the oupling terms have been estimated in vari-
ous multi-dimensional models. In these estima-
tions the Poisson ratios are typially assumed
to be a onstant. However, in experiments Pois-
son's ratios have been observed to be time de-
pendent, and this observation is well supported
by theoretial onsiderations. This alls for the-
PSfrag replaements
Referene
PSfrag replaements
Referene
Subsequent
Figure 9 Two subsequent images of a
wood-plasti omposite speimen in a
tensile experiment.
oretial as well as experimental investigations of
the transverse ouplings in reep of wood.
The appealing approah of introduing
time-dependent Poisson's ratios as material pa-
rameter was shown to be inappliable. Thus, a
onstitutive model must be expressed in moduli
only.
In this perspetive the requirements for
widely applied orthotropi onstitutive models
based on a generalized Kelvin series were inves-
tigated. It was found that the omponents of
the reep ompliane matries must sale dier-
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Figure 10 The ross-orrelation oeient in a region
around the last known displaement for the subset in
Figure 9.
PSfrag replaements
Subsequent
Figure 11 The displaement of the sub-
set in the subsequent image.
ently to those of the elasti ompliane matrix.
Furthermore, a new general orthotropi for-
mulation, whih resembles the distribution of
stresses in the ellular struture of wood, is pro-
posed. Two approahes for implementing the
onstitutive model into a nite element model
are addressed.
To qualitatively draw onlusions on the
orrespondene between the proposed or-
thotropi onstitutive model and the ellular
struture of wood, an experimental study is ur-
rently being arried out at Oregon State Uni-
versity. Here the experimental proedure and
setup of this study are desribed.
For auray and to avoid physial ontat
with the speimens, the measurements are on-
duted with ameras and by use of the digi-
tal image orrelation tehnique. To frame as
many speimens as possible with the ameras,
the speimens are mounted lose together in a
test benh designed for the purpose.
As this is a paper on ongoing work, the nal
onlusions on orrespondene between the ou-
pled rheologial systems in the proposed onsti-
tutive model and the ellular struture of wood
strived for, remains. To draw these onlusions
the theoretial onsiderations of this paper will
be omplemented with the experimental study
desribed.
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Appendix 1
In this appendix Eq. (18) will be shown to be
an idential representation of Eq. (3) and Eq.
(13).
Eq. (18) onsists of 2I dierential equa-
tions, whih for a onstant stress state σ = σ0
an be expressed as 6 one-dimensional dieren-
tial equations:
T (n)ε˙
(n)
i + ε
(n)
i = Cij
(n)σ0j . (35)
The solutions to these equations are:
ε
(n)
i (t) = C
(n)
ij
(
1− e
(
−
t
T (n)
))
σ0j . (36)
The visoelasti responses to dierent loads
an be superimposed. Superimposing the re-
sponses dε
(n)
i (t) for stepwise onstant stress in-
rements dσij ating at the time τ , and letting
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both be innitesimal yields:∫ t
−∞
dε
(n)
i (t) =
∫ t
−∞
C
(n)
ij
(
1− e
(
−
t−τ
T (n)
))
dσj ,
(37)
whih by summing the N visoelasti strain
omponents provides Eq. (3) and Eq. (13).
Appendix 2
In this appendix a hereditary integral solution
for the dierential Eq. (28) is proven to ex-
ist. For onveniene, is the following proof and
representation of the solution in Eq. (28) rear-
ranged to:
ε˙(n) = A(n)ε(n) +A(n)C(n)σ, (38)
where C(n) = (Q(n))−1 is the ompliane of the
spring in the nth Kelvin element, and A(n) =
−(η(n))−1Q(n).
The solution orresponds to that of the one-
dimensional ase given in Eq. (3) and Eq. (12):
ε(t) =
∫ t
−∞
J(n)(t− τ)∂σ(τ)
∂τ
dτ , (39)
where
J(n)(t) =
(
I− eA(n)t
)
C(n). (40)
The matrix exponential funtion eA
(n)t
is
dened by:
eA
(n)t ≡ I + tA(n) + t2 (A
(n))2
2!
+ t3
(A(n))3
3!
...,
(41)
where (A(n))2 = A(n)A(n) and (A(n))3 =
A(n)A(n)A(n) et. Notie that for t = 0,
eA
(n)0 = I. And notie that eA
(n)t
and A(n)
have the same eigenvetors, why they ommute:
eA
(n)tA(n) = A(n)eA
(n)t. (42)
Dierentiating Eq. (41) with respet to time,
it appears that:
∂
∂t
eA
(n)t = A(n)eA
(n)t. (43)
To avoid trunation of the series in Eq. (41)
and the inherent unertainties, following de-
omposition of A(n) an be applied to obtain
an exat expression for eA
(n)t
:
A(n) = Φ(n)Λ(n)(Φ(n))−1, (44)
where the olumns of the matrix Φ(n) are the
eigenvetors of A(n), and the eigenvalues λ
(n)
m
are organized in the diagonal of the matrix
Λ(n):
Λ(n) =


λ
(n)
1 0 . . . 0
0 λ
(n)
2 . . . 0
.
.
.
.
.
.
.
.
.
.
.
.
0 0 . . . λ
(n)
M

 . (45)
Thus, the matrix exponential funtion eA
(n)t
an be expressed as:
eA
(n)t =I + tΦ(n)Λ(n)(Φ(n))−1
+ t2
Φ(n)Λ(n)Λ(n)(Φ(n))−1
2!
...
=Φ(n)eΛ
(n)t(Φ(n))−1,
(46)
where the diagonal matrix eΛ
(n)t
an be evalu-
ated as:
eΛ
(n)t =


eλ
(n)
1 0 . . . 0
0 eλ
(n)
2 . . . 0
.
.
.
.
.
.
.
.
.
.
.
.
0 0 . . . eλ
(n)
M

 . (47)
From this formulation it is also seen that:
eA
(n)(t−τ) = eA
(n)te−A
(n)τ , (48)
whih will be applied in the following deriva-
tion.
To prove that Eq. (39) and Eq. (40)
presents a solution to Eq. (38), Eq. (39) is
reformulated by use of partial integration:
ε(n)(t) =[J(n)(t− τ)σ(τ)]t
−∞
−
∫ t
−∞
∂J(n)(t− τ)
∂τ
σ(τ)dτ .
(49)
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Evaluating the square braket:[ (
I− eA(n)0
)
C(n)σ(t)
−
(
I− eA(n)(t+∞)
)
C(n)0
]
= 0,
(50)
sine σ(t) = 0 for t < 0 and eA
(n)0 = I. Insert-
ing Eq. (40) into Eq. (49), letting eA
(n)t
and
A(n) ommute and applying Eq. (42) and Eq.
(48) yield:
ε(n)(t) = −
∫ t
−∞
∂
(
I− eA(n)t
)
C(n)
∂τ
σ(τ)dτ
= −
∫ t
−∞
A(n)eA
(n)(t−τ)C(n)σ(τ)dτ
= −eA(n)t
∫ t
−∞
e−A
(n)τA(n)C(n)σ(τ)dτ .
(51)
Then dierentiating Eq. (51) with respet
to time and by use of Eq. (42) and insertion of
Eq. (51) provides:
ε˙(n)(t) =
−A(n)eA(n)t
∫ t
−∞
e−A
(n)τA(n)C(n)σ(τ)dτ
− eA(n)t
(
0− e−A(n)tA(n)C(n)σ(t)
)
= A(n)ε(n)(t) +A(n)C(n)σ(t),
(52)
whih proves the solution to Eq. (38) stated
in Eq. (39) and Eq. (40) or the alternative
formulation in Eq. (51). These equations an
be implemented into an iterative nite element
proedure, see e.g. (Ormarsson, 1999).
Appendix 3
In this appendix a possible nite element for-
mulation of the onstitutive model derived in
setion 3 is presented.
In the rst setion, the set of equations to be
solved is stated on the strong form. In the fol-
lowing two setions the equations are stated in
the weak form and a nite element formulation,
respetively.
Strong form
The equilibrium equations in the strong form
are:
∇˜
T
σ + fb = 0, (53)
where σ is the stress vetor, fb the body fores
and ∇˜
T
is the transpose of the gradient opera-
tor. For the three-dimensional ase the gradient
operator is dened as:
∇˜
T
=

 ∂∂x 0 0 ∂∂y ∂∂z 00 ∂
∂y
0 ∂
∂x
0 ∂
∂z
0 0 ∂
∂z
0 ∂
∂x
∂
∂y

 . (54)
The kinemati relations between the strain ve-
tor and small displaements u are:
∇˜u = ε. (55)
For the boundaries on whih a tration fore t
ats, the boundary ondition is:
t = n˜σ, (56)
where n˜ ontains the omponents of the normal
vetor to the surfae of the three dimensional
body nx, ny and nz ordered as:
n˜ =

 nx 0 0 ny nz 00 ny 0 nx 0 nz
0 0 nz 0 nx ny

 . (57)
Together with the onstitutive equations
Eq. (26), Eq. (28) and Eq. (29), these equa-
tions onstitute the strong form of the problem.
The independent variables of the problem are
the displaements u and the visoelasti strains
ε(n).
To obtain symmetri system matries with
the independent variables hosen, the onstitu-
tive equations are reformulated by inserting Eq.
(29) into Eq. (26) and Eq. (28):
σ = Q(0)ε(0) = Q(0)
(
ε−
M∑
m=1
ε(m)
)
(58a)
Q(0)
(
ε−
M∑
m=1
ε(m)
)
= Q(n)ε(n) + η(n)ε˙(n).
(58b)
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Weak form
The weak form of the equilibrium Eq. (53) is
obtained by initially integrating over the vol-
ume Ω and pre-multiplying by the transpose of
the weighting funtions vT :∫
Ω
vT ∇˜
T
σdV +
∫
Ω
vT fbdV = 0. (59)
Next, the Green - Gauss divergene theorem is
applied, and the boundary ondition Eq. (56)
is imposed:∫
Ω
(∇˜v)TσdV =
∫
∂Ω
vT tdS +
∫
Ω
vT fbdV,
(60)
where t is the tration fore on the boundary of
the body ∂Ω, and dS indiates integration over
a surfae.
Finally, insertion of the onstitutive equa-
tion Eq. (58a) and the kinemati onditions
Eq. (55) yield the form:
∫
Ω
(∇˜v)TQ(0)
(
∇˜u−
M∑
m=1
ε(m)
)
dV =
∫
∂Ω
vT tdS +
∫
Ω
vT fbdV.
(61)
The dependent variable, ε, in Eq. (58b) is
eliminated by inserting the kinemati ondition
in Eq. (55). Furthermore, integrating over the
domain Ω and pre-multiplying by the transpose
of the weighting funtions vT provide:
∫
Ω
(
− vTQ(0)∇˜u+ vTQ(0)
M∑
m=1
ε(m)
+ vTQ(n)ε(n) + vTη(n)ε˙(n)
)
dV = 0.
(62)
Finite element formulation
The spatial variation of the displaements u are
disretized to the nodal displaements a and
by interpolation between these with the shape
funtion N:
u = Na. (63)
The same disretization is hosen for the reep
strains:
ε(n) = Na(n), (64)
where a(n) is the nodal strain of the nth Kelvin
element.
Galerkin variation is hosen, i.e., v = N.
Inserting the spatial disretizations in Eq. (63)
and Eq. (64) into Eq. (61) and Eq. (62) yields:
∫
Ω
(
BTQ(0)Ba−
M∑
m=1
BTQ(0)Na(m)
)
dV =
∫
∂Ω
NT tdS +
∫
Ω
NT fbdV,
(65a)
∫
Ω
(
−NTQ(0)Ba−
M∑
m=1
NTQ(0)Na(m)
−NTQ(n)Na(n) −NTη(n)Na˙(n)
)
dV = 0,
(65b)
where B = ∇˜N.
The equations an be rearranged by mov-
ing a and a(n) outside the spatial integrations
leading to:
Kea−
M∑
m=1
K(0)ev a
(m) = F (66a)
−K(0)ve a+
M∑
m=1
K(0)v a
(m)
+K(n)v a
(n) +C(n)v a˙
(n) = 0,
(66b)
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where
Ke =
∫
Ω
BTQ(0)BdV (67a)
K(0)ev =
∫
Ω
BTQ(0)NdV (67b)
K(0)ve =
∫
Ω
NTQ(0)BdV (67)
K(0)v =
∫
Ω
NTQ(0)NdV (67d)
K(n)v =
∫
Ω
NTQ(n)NdV (67e)
C(n)v =
∫
Ω
NTη(n)NdV (67f)
F =
∫
∂Ω
NT tdS +
∫
Ω
NT fbdV. (67g)
Eq. (66a) and Eq. (66b) an be solved in
an iterative manner by assuming the solution
in the previous time step as initial ondition.
However, it is here hosen to stak Eq. (66a)
and Eq. (66b) providing following spatially dis-
retized equation:
C ˙˜a+Ka˜ = F˜, (68)
where
a˜ =


a
a(1)
.
.
.
a(M)

 , F˜ =


F
0
.
.
.
0

 (69a)
K =

Ke −K(0)ev . . . −K(0)ev
−K(0)ve K(0)v +K(1)v . . . K(0)v
.
.
.
.
.
.
.
.
.
.
.
.
−K(0)ve K(0)v . . . K(0)v +K(M)v


(69b)
C =


0 0 . . . 0
0 C
(1)
v . . . 0
.
.
.
.
.
.
.
.
.
.
.
.
0 0 . . . C
(M)
v

 . (69)
The time disretization and integration an be
performed by various methods, see e.g. (Bathe,
1995).
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